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A bstract
T h e  a im  o f t h is  th e s is  is  to u s e  n u m e r ic a l m o d e llin g  to e v a lu a t e  p r a c t ic a l  
g u id e lin e s  fo r  s o il a n d  la r g e  d ia m e te r  r ig id  p ip e  in te r a c t io n  p ro b le m s . A  
d e ta ile d  c r it iq u e  is  a ls o  g iv e n  o n  c u r r e n t  d e s ig n  m e th o d s, fo llo w e d  b y  a n  
e x p la n a t io n  o f  th e  a lt e r n a t iv e  g e n e r a l c r ite r ia  fo r  f ie ld  p e rfo rm a n c e .  
C o n v e n t io n a l d e s ig n  m e th o d s a re  g e n e r a lly  b a s e d  011 M a r s t o n -S p a n g le r  
th e o ry  d e v e lo p e d  fo r  s m a ll  d ia m e te r  c o n c re te  n o n -p r e s  t r e s s e d  p ip e  in  th e  
1 9 2 0 's ,  w h ic h  ta k e  n o  a c c o u n t  o f th e  a c tu a l m a te r ia l p ro p e rtie s , tru e  
g e o m e try  a n d  f ie ld  c o n s t r u c t io n  p ro ce d u re . N u m e r ic a l  a n a ly s e s  h a v e  b e e n  
p e rfo rm e d  u s in g  th e  g e o te c h n ic a l f in ite  e le m e n t p a c k a g e  C R I S P ,  to g e th e r  
w it h  d a ta  fro m  f u ll s c a le  s ite  in s t a lla t io n  t r ia ls  a n d  t h r e e -e d g e  b e a r in g  lo a d  
te s ts .
P r a c t ic a l  g u id a n c e  is  g iv e n  fo r v a r io u s  c o n s tr u c t io n  c o n d it io n s . A  b r ie f  
s u m m a r y  o f  th e  m a in  f a c to r s  in f lu e n c in g  th e  b e h a v io u r  of b u r ie d  r ig id  pip e  
a re:
♦  th e  e la s t ic  p r o p e r t ie s  o f  b o th  th e  p ip e  a n d  th e  s u r r o u n d in g  s o il,
♦  th e  p la c e m e n t , c o m p a c t io n , a n d  a n y  s u b s e q u e n t  v o lu m e t r ic
c h a n g e s  in  th e  s o i ls  p la c e d  a r o u n d  th e  p ip e ,
♦  th e  v a r ia t io n  o f  e a r t h  c o v e r , g e o m e t r y  a n d  b e d d in g  c o n d it io n s
♦  th e  w e ig h t  o f  w a t e r ,  in t e r n a l  p r e s s u r e s ,  a n d  p r e s t r e s s in g  e f fe c t s
f r o m  h e l i c a l l y - w o u n d  s t e e l w ir e s .
F r o m  t h is  s t u d y , it  w a s  fo u n d  th a t th e  p r e s t r e s s in g  a n d  in te r n a l w a te r  
p r e s s u r e s  s ig n if ic a n t ly  a ffe c t  th e  b e h a v io u r  o f b u r ie d  p ip e , le a d in g  to th e  
c h a n g e  o f b e n d in g  s t r e s s e s  in  th e  p ip e  w a ll. T h e  im p r o v e m e n t  of  
c o n s t r u c t io n  te c h n iq u e s  is  a ls o  v e r y  im p o rta n t  in  te rm s  of b e d d in g  c o n d it io n  
a n d  c o m p a c t io n  o f s id e  f ill,  etc.. In  c o n c lu s io n , c u r r e n t  d e s ig n  p r a c t ic e  is  
h ig h ly  d e fic ie n t, c a u s in g  v e r y  u n e c o n o m ic a l d e s ig n s  fo r  b u r ie d  la r g e  
d ia m e te r  r ig id  p ip e . T h e  f in ite  e le m e n t m e th o d  h a s  p r o v id e d  u s e f u l in s ig h t s  
in to  a n  im p o rta n t  p r a c t ic a l e n g in e e r in g  p ro b le m , a n d  h a s  in d ic a te d  th e  
c r it ic a l  d e s ig n  f a c to r  fo r la r g e  d ia m e te r  b u r ie d  r ig id  p ip e.
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C H A P T E R  1 -  INTRODUCTION
H it h e r t o ,  l it t le  h a s  b e e n  w r it t e n  a b o u t  the interaction between soil and 
large diameter rigid pipe. I t  i s  th e r e fo r e  n o t  s u r p r is in g  t h a t  n o  
in f o r m a t io n  i s  a v a i la b le  o n  the interaction between soil and large 
diameter prestressed pipe  in  p a r t ic u la r .  I n  19 9 6 , a n  o p p o r t u n it y  a r o s e  to  
m a k e  a  s y s t e m a t ic  s t u d y  o f t h is  s u b je c t  f o llo w in g  a b o u t  1 5  y e a r s  o f  
e x p e r ie n c e  (o n  th e  p a r t  o f  th e  w r it e r )  a s s o c ia t e d  w it h  th e  m a n u f a c t u r in g  
a n d  in s t a l la t io n  o f  la r g e  d ia m e t e r  p r e s t r e s s e d  a n d  n o n -p r e s t r e s s e d  p ip e s .
F r o m  t h is  s t u d y ,  it  h a s  b e e n  r e c o g n is e d  t h a t  th e  c u r r e n t  d e s ig n  p r a c t ic e  
is  in a p p r o p r ia t e  f o r  s o il  a n d  p ip e  in t e r a c t io n  p r o b le m s . T h i s  i s  b e c a u s e  
it  is  n o t  o n ly  im p o s s ib le  to e la b o r a te  a  s e n s it iv e  r e s p o n s e  o f  th e  p ip e  to 
th e  s u r r o u n d in g  s o ils ,  b u t  a ls o  r a r e ly  p o s s ib le  to  a c c o u n t  f o r  th e  
s o p h is t ic a t e d  d e fo r m a t io n  c h a r a c t e r is t ic s  o f  b o th  th e  p ip e  a n d  th e  
s u r r o u n d in g  s o i ls  c a u s e d  b y  th e  r e la t iv e  s t if f n e s s  b e t w e e n  th e  tw o  
m e d ia  a n d  th e  c o n s t r u c t io n  p r o c e d u r e . T h e  c o n v e n t io n a l d e s ig n  m e th o d  
is  g e n e r a l ly  b a s e d  o n  th e  e a r ly  d e v e lo p m e n t  o f  r a t io n a l  m e t h o d s  fo r  
c o n c r e t e  p ip e  d e s ig n  in  th e  1 9 2 0 ' s  ( t e r m e d  M arston-Spangler theory), 
w h ic h  d o e s  n o t  t a k e  in to  c o n s id e r a t io n  th e  tru e  g e o m e t r y  a n d  a c t u a l  
m a t e r ia l  p r o p e r t ie s . I t  i s  a c k n o w le d g e d  t h a t  it  is  d if f ic u lt  to k e e p  s te p  
w it h  th e  v a r ie t y  o f p ip e s  (b o th  in  s iz e  a n d  c o n s t it u e n t  m a t e r ia ls )  
d e v e lo p e d  o v e r  t im e , b u t  th e  d o m in a n t  v ie w p o in t  r e g a r d in g  c u r r e n t  
d e s ig n  m e th o d  fo r  th e  p ip e lin e s  is  t h a t  t h e y  a re  u n a c c e p t a b le . M o r e o v e r ,  
im p r o v e d  f ie ld  c o m p a c t io n  t e c h n iq u e s ,  w h ic h  r e s u lt  in  a n  in c r e a s e  in  th e  
la t e r a l  e a r t h  p r e s s u r e s ,  a re  u s u a l ly  n e g le c te d .
T h e  a im  o f t h is  s t u d y  is  to u s e  n u m e r ic a l  t e c h n iq u e s  to a n a ly s e  th e  
in f lu e n c e  o f th e  v a r io u s  p r o p e r t ie s  o f s u r r o u n d in g  s o i ls  o n  th e  s t r u c t u r a l  
b e h a v io u r  o f  th e  p ip e  w a ll ;  e s p e c ia l ly  th e  r e a c t io n  o f  b e d d in g  a n d  
s u b g r a d e . V a r i o u s  b e d d in g  c o n d it io n s  a re  a p p r a is e d , to g e t h e r  w it h  
c h a n g e s  in  m a t e r ia l  s t if f n e s s .  A  c r i t ic a l  a s s e s s m e n t  o f  th e  d e f o r m a t io n  
c h a r a c t e r is t ic s  o f  th e  p r e s t r e s s e d  a n d  n o n -p r e s t r e s s e d  p ip e s , w h ic h
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a f f e c t  th e  f le x u r a l  b e n d in g  s t r e s s e s  in  th e  p ip e  w a ll ,  . is  th e  m a in  th e m e  
o f th e  s t u d y .  P r a c t ic a l  g u id a n c e  to  th e  r ig id  p ip e lin e  in d u s t r y  w il l  b e  
g iv e n  f o r  v a r io u s  c o n s t r u c t io n  c o n d it io n s . N o  a n a ly t ic a l  s o lu t io n  h a s  
b e e n  f o u n d  to d a te  to s o lv e  t h e s e  c o m p lic a t e d  p r o b le m s , n e c e s s it a t in g  
th e  u s e  o f  n u m e r ic a l  t e c h n iq u e .
T h r o u g h  f in it e  e le m e n t  a n a ly s is  u s in g  th e  C R I S P  p r o g r a m , it  is  
c o n f ir m e d  t h a t  th e  c u r r e n t  d e s ig n  m e th o d  is  too c o n s e r v a t iv e  in  g e n e r a l.  
F o r  th e  p e r io d  o f  s e r v ic e ,  th e  e x is t e n c e  o f  c r a c k s  in  th e  c o r e  le a d s  to 
th e  w o r s t  s it u a t io n  d u e  to  th e  e f f e c t  o f  in t e r n a l  w a t e r  p r e s s u r e s  b e in g  
n e g le c t e d  in  t r a d it io n a l  d e s ig n  p r a c t ic e . F o r  in s t a n c e ,  th e  t r e n d  o f th e  
r e la t iv e  m o v e m e n t  b e t w e e n  th e  p ip e  a n d  s u r r o u n d in g  s o i ls  c a u s e s  
p r e - c r a c k s  n e a r  th e  s u p p o r t  a r e a  to b e  p r o p a g a t e d  m o r e  s e r io u s ly .  F o r  
t h is  r e a s o n , th e  in f lu e n c e  o f  th e  r e a c t io n  o f th e  b e d d in g  a n d  s u b g r a d e  
w il l  b e  f o c u s s e d  o n , a lt h o u g h  th e  s t if f n e s s  o f  th e  s o i l  a p p e a r s  to b e  
i n s ig n if i c a n t  c o m p a r e d  to  th e  p ip e . D u e  to th e  p a u c it y  o f  s t u d ie s  in  t h is  
s u b je c t ,  m o s t  o f  c o m m e n t s  s t e m  f r o m  e it h e r  th e  w r i t e r 's  o b s e r v a t io n s  
d u r in g  h i s  p r o f e s s io n a l  p r a c t ic e ,  o r  th e  w r it e r 's  u n d e r s t a n d in g  o f th e  
s t r u c t u r a l  m e c h a n ic s  o f p r e s t r e s s e d  a n d  n o n -p r e s t r e s s e d  r i g i d  p ip e s .
T h e  r e s u lt s  o f  t h r e e -e d g e  b e a r in g  t e s t s  fo r  p r e s t r e s s e d  c o n c r e t e  c y l in d e r  
p ip e  in  th e  r a n g e  o f  1 6 0 0  m m  to 4 0 0 0  m m  d ia m e t e r  a r e  e v a lu a t e d  a n d  
in c lu d e d  in  t h is  t h e s is ,  c o n c e r n in g  th e  f le x u r a l  r i g id it y  o f  th e  p ip e  
s t r u c t u r e .  T h e  in p u t  d a t a  f o r  c o n c r e t e  p r o p e r t ie s  u s e d  in  th e  n u m e r ic a l  
a n a ly s e s  w a s  b a s e d  o n  th e  e x p e r im e n t a l  d a t a  o b t a in e d  f r o m  th e  s it e  in  
L i b y a .  T h e  c o n c e p t  o f  th e  s h a p e d  b e d d in g  in s t a lla t io n  w a s  v e r if ie d  b y  
f u l l  s c a le  s it e  t r ia ls  c o n d u c t e d  in  th e  f ie ld , b u t  th e  d a t a  a r e  b r ie f ly  
d e s c r ib e d  in  C h a p t e r  6 , s in c e  th e  p r e r e q u is it e  o f th e  s it e  t r ia ls  is  f u l ly  
e x p la in e d  in  th e  r e s u lt s  s e c t io n  d e a lin g  w it h  a n a ly s is .
T h e  s t r u c t u r e  o f  th e  t h e s is  is  d iv id e d  in to  s i x  p a r t s :
♦  R e v ie w  o f  p a s t  w o r k  o n b u r ie d  p ip e lin e s
♦  In t r o d u c t io n  to C R I S P  a n d  s o m e  in te r p r e ta t io n  t e c h n iq u e s
♦  N u m e r ic a l  m o d e ll in g  o f  r i g i d  p ip e
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♦  F i n i t e  e le m e n t  a n a l y s is  o f  in s t a l la t io n  e f fe c t s
♦  D is c u s s i o n
♦  C o n c lu s io n s
T h e  c o m p o s it io n  o f  th e  s i x  c h a p t e r s  o f  t h is  t h e s is  is  g iv e n  b e lo w .
C h a p t e r  2  b e g in s  w it h  a  r e v ie w  o f  the, c u r r e n t  d e s ig n  p r a c t ic e  e m p lo y e d  
b y  m o s t  e n g in e e r s .  T h i s  in c lu d e s  a  h is t o r ic a l  d e v e lo p m e n t  o f th e  
M a r s t o n - S p a n g l e r  t h e o r y  t o g e t h e r  w it h  r e le v a n t  e x p e r im e n t a l  w o r k .  
T h r o u g h  a  w id e  r a n g e  o f  th e  g e o t e c h n ic a l  p r o b le m s , th e  b a s ic  c o n c e p t  
o f th e  a c t iv e  a n d  p a s s i v e  m o d e s  i s  r e v ie w e d  a n d  d is c u s s e d  in  d e ta il.
C h a p t e r  3  d e s c r ib e s  a  b r ie f  in t r o d u c t io n  to b o th  th e  C R I S P  f in ite  
e le m e n t  p r o g r a m  a n d  th e  c o n s t it u t iv e  m o d e ls  u s e d  f o r  th e  n u m e r ic a l  
m o d e llin g . T h e  in te r p r e ta t io n  t e c h n iq u e s  a re  a ls o  p r e s e n t e d  in  t e r m s  o f  
th e  k e y  w o r k  r e q u ir e d  fo r  p o s t  p r o c e s s in g  th e  a n a ly s is .  T h i s  is  d iv id e d  
in to  tw o  c a t e g o r ie s ;  f ir s t ly ,  th e  le a s t  s q u a r e s  s m o o t h in g  m e th o d  fo r  th e  
d is c o n t in u o u s  f in it e  e le m e n t  f u n c t io n s ,  a n d  s e c o n d ly  th e  g e n e r a l  b e n d in g  
t h e o r y  f o r  th e  c o m p u t a t io n  o f th e  n o r m a l a n d  s h e a r  s t r e s s e s  in  s o i l -p ip e  
in te r a c t io n  p ro b le m s , a n d  th e f le x u r a l b e n d in g  m o m e n t a n d  s t r e s s e s  
g e n e r a te d  a ro u n d  th e  p ip e  w a ll.  A  d e ta ile d  c r it iq u e  o f th e  p r o g r a m  in  the  
c o n te x t  o f c o m p a c t io n -in d u c e d  s t r e s s e s  in  s o i l -s t r u c t u r e  in te ra c t io n  
p ro b le m s  is  a ls o  g iv e n  in  t h is  c h a p te r.
C o n c e r n s  a b o u t  th e  v a l id i t y  a n d  r e lia b il it y  o f  n u m e r ic a l  m o d e llin g  a re  
r e v ie w e d  a n d  d is c u s s e d  in  C h a p t e r  4. T h e  n u m e r ic a l  m o d e ll in g  e f fe c t  is  
l in k e d  to b o th  th e  p r e s t r e s s e d  a n d  th e  n o n -p r e s t r e s s e d  r i g i d  p ip e s  a n d  a  
f r a m e w o r k  fo r  a s s e s s m e n t  is  c o n s t r u c t e d  b y  c o m p a r in g  n u m e r ic a l  
a n a l y s is  w it h  a  p u r e  a n a ly t ic a l  s o lu t io n  f o r  a  c lo s e d  c ir c u l a r  r in g .  T h e  
a g r e e m e n t  is  e x c e lle n t  f o r  n o n -p r e s t r e s s e d  p ip e . T h e  s t if f n e s s  a n d  
s t r e n g t h  p a r a m e t e r s  fo r  th e  c o n s t it u e n t  m a t e r ia ls  a re  e v a lu a t e d  a s  a  
f u n c t io n  o f c o n f in in g  p r e s s u r e .  T h e  n o n - l in e a r  n a t u r e  o f  p ip e  b e h a v io u r  
is  a ls o  e x a m in e d  b y  u s in g  th e  d a t a  o b t a in e d  f r o m  th e  f u ll  s c a le  
t h r e e -e d g e  b e a r in g  t e s t s  p e r f o r m e d  a t  th e  s ite .
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F o l lo w in g  t h is  a p p r a is a l  o f n u m e r ic a l  m o d e llin g , C h a p t e r  5  u n d e r lin e s  
s o m e  s e r io u s  s h o r t c o m in g s  in  e x is t in g  d e s ig n  m e th o d s , w h ic h  m o s t ly  
a r is e  f r o m  in t e r a c t io n  b e t w e e n  s o i l  a n d  p ip e . N u m e r o u s  in v e s t ig a t io n s  
a r e  c o n d u c t e d  u s in g  c o m b in a t io n s  o f  v a r io u s  in s t a l la t io n  c o n d it io n s  a n d  
m a t e r ia l  p r o p e r t ie s , in c lu d in g  th e  p r e s t r e s s in g  e f fe c t  a n d  in t e r n a l  w a t e r  
p r e s s u r e s .
C h a p t e r  6 p r o v id e s  a  s u m m a r y  a n d  d is c u s s io n  o f  th e  n u m e r ic a l  r e s e a r c h  
w o r k  p r e s e n t e d  h e r e in , a n d  th e  r e s u lt s  o f  f u ll  s c a le  s it e  in s t a l la t io n  
t r ia ls  a n d  t h r e e -e d g e  b e a r in g  t e s t s  c a r r ie d  o u t  a t  th e  G M R P  ( G r e a t  
M a n - M a d e  R i v e r  P r o je c t )  s it e  in  L i b y a .  S o m e  e x p e r im e n t a l  d a t a  
c o n c e r n in g  th e  e la s t ic  m o d u lu s  o f  c o n c r e t e  a re  a ls o  p r o v id e d
F i n a l l y ,  C h a p t e r  7  r e s t a t e s  th e  p r o b le m s / is s u e s  p r e s e n te d  a t  th e  o u t s e t  
o f th e  t h e s is ,  t o g e t h e r  w it h  th e  m a in  c o n c lu s io n s  a n d  p r a c t ic a l  
im p lic a t io n s  o f  th e  m a in  f in d in g s .  R e c o m m e n d a t io n s  f o r  f u r t h e r  r e s e a r c h  
a re  a ls o  g iv e n .
CHAPTER 2 -  REVIEW OF PA ST  WORK ON BURIED 
PIPELINES
2.1 Introduction
T h e  m a g n it u d e  o f  e a r t h  p r e s s u r e  im p o s e d  o n  th e  to p  o f  b u r ie d  
s t r u c t u r e s  h a s  b e e n  d e v e lo p e d  b y  M a r s t o n  e t  a l . ( 1 9 1 3  a n d  1 9 1 7 ) ,
M a r s t o n ( 1 9 3 0 ) ,  S c h l i c k  e t  a l .( 1 9 2 6 ) ,  S c h l ic k ( i l9 2 0 ,  1 9 3 1 ,  1 9 3 2  a n d  1 9 5 2 ) ,  
S p a n g le r  e t  a l .( 1 9 2 6 ) ,  S p a n g le r ( 1 9 3 3  a n d  1 9 5 0 ) ,  a n d  a s s o c ia t e s  a t  Io w a  
S t a t e  U n i v e r s it y .  T e r z a g h i  a ls o  c o n t r ib u te d  to th e  e n g in e e r in g  o f  
u n d e r g r o u n d  s t r u c t u r e s ,  b a s e d  o n  e x t e n s iv e  e x p e r im e n t s  in  th e  s a m e  
p e r io d ; f o r  in s t a n c e ,  h e  in t r o d u c e d  th e  a r c h in g  e f fe c t  o f  g r a n u la r  
m a t e r ia ls  a b o v e  a  y ie ld in g  t r a p d o o r ( 1 9 3 6 ) .  L a t e r ,  th e  a p p lic a t io n  o f  
a r c h in g  e f fe c t  w a s  w id e ly  e x te n d e d  to a n y  s a n d  la y e r  o n  a  lo c a l ly  
y ie ld in g  s t r ip  a t  d e p th  s u c h  a s  a  r e c t a n g u la r  c u lv e r t  o r  a  t u n n e l( 1 9 4 3 ) .  
S in c e  T e r z a g h i ' s ( l 9 3 6 ) a p p r o a c h  w a s  g iv e n  a  d e ta ile d  c r it iq u e  f o llo w e d  
b y  s it e  in v e s t ig a t io n  a n d  la b o r a t o r y  o b s e r v a t io n  f o r  b o th  th e  p r e s s u r e s  
im p o s e d  o n  a  t r a p  d o o r  o r  b u r ie d  o b je c t s ,  n u m e r o u s  a n a ly t ic a l  s t u d ie s  
( in c lu d in g  n u m e r ic a l  m o d e ll in g )  h a v e  b e e n  p r e s e n te d  b y  J a k y ( 1 9 4 8 ) ,
C a q u o t ( 1 9 5 7 ) ,  J a k o b s o n ( 1 9 5 8 ) ,  B a l l a ( 1 9 6 1 ) ,  C o m e r r e  e t  a l . ( 1 9 6 1 ) ,
F i n n ( 1 9 6 3 ) ,  S u t h e r la n d ( 1 9 6 5 ) ,  V e s i c ( 1 9 7 1 ) ,  B r a j a  e t  a l . ( 1 9 7 5 ) ,  L a e s e n ,  H .  
( 1 9 7 7 ) ,  V a r d o u la k is  e t  a l . ( 1 9 8 1 ) ,  M c V a y ( 1 9 8 2 ) ,  G u m b e l,  J . E .  ( 1 9 8 3 ) ,  
K o u t s a b e lo u l is ( 1 9 8 5 ) ,  O a k ( 1 9 8 8 ) ,  K o u t s a b e lo u lis  e t  a l.( 1 9 8 9 ) ,  F u j it a ( 1 9 9 4 ) ,  
e tc .. T h e  b e h a v io u r  o f  s o i ls  a b o v e  u n d e r g r o u n d  s t r u c t u r e s  a n d  t h a t  o f  
g r a n u la r  m a t e r ia ls  a b o v e  a  t r a p d o o r  a p p e a r e d  to b e  s im ila r .  I t  is
th e r e fo r e  n o t  s u r p r is in g  t h a t  th e  th e o r y  o f  e a r t h  p r e s s u r e  o n
u n d e r g r o u n d  s t r u c t u r e s  in tr o d u c e d  b y  T e r z a g h i  is  f u n d a m e n t a l ly  th e  
s a m e  a s  M a r s t o n 's  e a r t h  p r e s s u r e  f o r m u la  fo r  t r e n c h  c o n d it io n s  w h ic h  
a s s u m e s  t h a t  th e  s t r u c t u r e  is  c o n s t r u c t e d  o r  in s t a lle d  w it h in  th e  t r e n c h  
a n d  t h e n  b a c k f il le d ,  s in c e  th e  b a c k g r o u n d  to b o th  th e o r ie s  p r o p o s e d  b y  
M a r s t o n  a n d  T e r z a g h i  w e r e  f u n d a m e n t a lly  b a s e d  o n  th e  a r c h in g  th e o r y
in  a  s i lo  p r o v id e d  b y  J a n s s e n ' s  a c t iv e  m o d e  in  1 8 9 5 .
I n  c o n t r a s t ,  th e  p r o b le m s  o f  b r e a k o u t  f o r c e s  o f  o b je c t s  e m b e d d e d  in  
s e d im e n t s  s u b je c t e d  to  u p w a r d  f o r c e s  a t  th e  o c e a n  b o tto m  w e r e  
e n c o u n t e r e d  in  m a n y  m a r in e  o p e r a t io n s . T h e s e  o b je c t s  r e q u ir e  c e r t a in  
n o r m a l o u t w a r d  f o r c e s  to  r e m o v e  t h e m  f r o m  th e  g r o u n d , a c t in g  s im ila r  
to  a n  e a r t h  a n c h o r  in  a  r e t a in in g  s t r u c t u r e .  T h i s  c o n d it io n  r e q u ir e s  a  
d if f e r e n t  a p p r o a c h  f o r  e s t im a t in g  th'e m a g n it u d e  a n d  d is t r ib u t io n  o f  th e  
s t r e s s e s ,  c o m p a r e d  to  th e  t r a p  d o o r  p r o b le m , a s  i t  is  m o r e  o f  a  p a s s iv e  
m o d e . H e r e ,  th e  b r e a k o u t  fo r c e  im p lie s  th e  m a g n it u d e  o f  f o r c e  r e q u ir e d  
f o r  th e  c o m p le t e  w it h d r a w a l  o f th e  o b je c t  w h e n  th e  o c e a n  b o tto m  
s e d im e n t  is  m o b il is e d .  T h e  p a s s i v e  m o d e  c a n  a ls o  b e  id e a l is e d  b y  th e  
c l a s s i c a l  b in  t h e o r y  w h e n  th e  d is p la c e m e n t  o f  th e  y ie ld in g  s t r ip  o c c u r s  
u p w a r d s .
T h e  c o n c e p t  o f  p r e s s u r e  d is t r ib u t io n s  o n  b u r ie d  s t r u c t u r e s  i s  th e r e fo r e  
c la s s if ie d  in to  tw o  m a in  c a t e g o r ie s ;  n a m e ly ,  a c t iv e  a n d  p a s s iv e  
c o n d it io n s , w h ic h  w il l  b e  d is c u s s e d  a n d  r e v ie w e d  in  th e  f o llo w in g  
s e c t io n s .
2.2 Earth Pressure w ith Local Yield at Depth
2.2.1 A ctive mode
T h e  s t r e s s  d is t r ib u t io n  o n  a n  u n d e r g r o u n d  s t r u c t u r e  is  h i g h ly  d e p e n d e n t  
o n  it s  g e o m e t r y  a n d  th e  r e la t iv e  s t if f n e s s  o f  th e  b u r ie d  s t r u c t u r e  a n d  
s u r r o u n d in g  s o ils .  A s  h a s  b e e n  in tr o d u c e d , th e  e x p e r im e n t a l  s t u d ie s  
u s in g  a  n a r r o w  a n d  lo n g  tr a p d o o r  in  th e  b a s e  o f a  s o i l  b in  w it h  r e s p e c t  
to th e  a r c h in g  a c t io n  w e r e  c a r r ie d  o u t  b y  T e r z a g h i ( 1 9 3 6 ) ,  w h e r e  th e  
tr a p d o o r  w a s  r e la t iv e ly  f le x ib le  c o m p a r e d  to th e  b a s e  p la t f o r m . O n
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f i l l in g ,  th e  t r a p d o o r  s t a r t s  d e f le c t in g  d o w n w a r d , w h e r e a s  th e  s u r r o u n d in g  
f lo o r  p la t f o r m  r e m a in s  r e la t iv e ly  f ix e d . W it h  th e  d e fo r m a t io n  o f  tra p d o o r ,  
a  la r g e  d e g r e e  o f  p r e s s u r e  o n  th e  d o o r  is  t r a n s f e r r e d  to th e  a d jo in in g  
p a r t s  o f  th e  f ix e d  b a s e  p la t f o r m . T h i s  p h e n o m e n o n  is  t o t a l ly  d u e  to  th e  
m o b il is a t io n  o f  s h e a r in g  r e s is t a n c e  a lo n g  th e  s u r f a c e s  o f  th e  s o il  p r is m  
d ir e c t ly  o v e r  th e  tra p d o o r , a r c h in g  in  a n  u p w a r d  d ir e c t io n .
F i g u r e  2 .1  p r e s e n t s  a  t y p ic a l  e x a m p le  o f  T e r z a g h i ' s  e x p e r im e n t a l  w o r k  
o n  a  t r a p  d o o r  7 .3  c m  w id e  a n d  4 6 .3  c m  lo n g , u s in g  a  s a n d  in  a  d e n s e  
s t a t e . T h e  p r e s s u r e s  w e r e  m e a s u r e d  b y  th e  s te e l ta p e  m e th o d . F i g u r e s  
2 .1 (a )  a n d  (b )  i l lu s t r a t e  th e  p r e s s u r e  d is t r ib u t io n s  in d u c e d  b e fo r e  y ie ld in g  
th e  tr a p  d o o r a n d  w h e n  th e  t r a p  d o o r  h a s  b e e n  d e fo r m e d  d o w n w a r d  b y  
1  m m , r e s p e c t iv e ly .  T h e  m a x im u m  la t e r a l  p r e s s u r e  r a t io  K ,  a lo n g  a  
v e r t ic a l  s e c t io n  d ir e c t ly  a b o v e  th e  t r a p  d o o r  w a s  a b o u t  1.6  a t  d e p th  
b r o u g h t  a b o u t  b y  c r i t ic a l  a r c h in g  e ffe c t . T h e  m in im u m  p r e s s u r e  o n  th e  
t r a p d o o r  w a s  o b s e r v e d  w h e n  th e  r a t io  o f  v e r t ic a l  d o w n w a r d  m o v e m e n t  
to th e  tr a p d o o r  w id t h  r e a c h e s  a r o u n d  0 .8%  fo r  d e n s e  s a n d  a n d  2.0  %  
f o r  lo o s e  s a n d , b u t  th e  u lt im a t e  lo a d s  fo r  b o th  s a m p le s  o c c u r r e d  a t  
a p p r o x im a t e ly  8 - 1 1 %  o f  d o w n w a r d  m o v e m e n t. T h e  r e s u lt s  o f  T e r z a g h i ' s  
e x p e r im e n t a l  w o r k  a r e  s u m m a r is e d  in  T a b l e  2 .1 .
I n  a  s i m ila r  a p p r o a c h  to  tr a p  d o o r  p r o b le m s , th e  e f f e c t s  o f  lo c a l  y ie ld  o f  
th e  h o r iz o n t a l  s t r ip  a b  ( w h ic h  is  a  p a r t  o f th e  s o lid  b a s e  s u p p o r t in g  th e  
s a n d  la y e r )  a re  s h o w n  in  F i g u r e  2 .2 ( a ) .  L o w e r in g  th e  s t r ip  a b  c a u s e s  th e  
s a n d  la y e r  to  b e  d e fo r m e d  d o w n w a r d . H e r e , it  is  a s s u m e d  t h a t  th e  
e x t e n t  o f  th e  v e r t ic a l  m o v e m e n t  is  e n o u g h  to g e n e r a t e  f a ilu r e  o f  th e  
s a n d  la y e r  o n  a  r u p t u r e  s u r f a c e  b d  t h a t  p a s s e s  t h r o u g h  th e  e d g e  o f  
f ix e d  e n d  'b '  e x t e n d in g  to th e  f re e  s u r f a c e  o f  th e  s a n d  la y e r .  
A c c o r d i n g ly ,  th e  t r e n d  o f  d is p la c e m e n t  w il l  b e  o p p o s e d  to  f r ic t io n a l  
r e s is t a n c e  a lo n g  th e  s l ip  s u r f a c e s  a c  a n d  b d  le a d in g  to  b o u n d a r ie s  
f o r m in g  b e t w e e n  th e  d e fo r m e d  a n d  s t a t io n a r y  m a s s  o f  s o il.  T h i s  
f r ic t io n a l  r e s is t a n c e  r e s u lt s  in  th e  to ta l v e r t ic a l  p r e s s u r e  o n  th e  y ie ld in g  
s t r ip  b e in g  d e c r e a s e d  b y  th e  s a m e  a m o u n t ; c o n v e r s e ly  th e  p r e s s u r e s  o n
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p a r t s  a d ja c e n t  to th e  y ie ld in g  s t r ip  w il l  b e  in c r e a s e d .
A s  c a n  b e  s e e n , th e  f a ilu r e  l in e s  o f  th e  d e fo r m e d  b o d y  a r e  n o n - l in e a r .  
T h e  g r e a t e s t  a n g le  o f  th e  s lo p e  o f  th e  f a ilu r e  l in e  w o u ld  o c c u r  n e a r  th e  
g r o u n d  s u r f a c e  a t  a r o u n d  9 0 ° , a n d  th e  s lo p e  n e a r  th e  y ie ld in g  s t r ip  
b e c o m e s  a p p r o x im a t e ly  4 5 °  +  4>!2 ( T e r z a g h i ,  1 9 4 3 ) .  H o w e v e r ,  a s  y e t  
t h e r e  is  n o  m e th o d  to e s t im a t e  th e  s l ip  s u r f a c e s  ac a n d  bd d u e  to th e  
d if f ic u lt ie s  in  f in d in g  a  c o m p r e h e n s iv e  s o lu t io n . F o r  t h is  r e a s o n , th e  
p r e s s u r e  d is t r ib u t io n s  o n  u n d e r g r o u n d  s t r u c t u r e s  in c lu d in g  b u r ie d  p ip e s  
a r e  u s u a l l y  d e te r m in e d  b y  M a r s  t o n 's  th e o r y , a s s u m in g  th e  l in e a r  f a ilu r e  
l in e s  a a ' a n d  b b ' a s  s h o w n  in  F i g u r e  2 .2 ( a ) .  T h e  d if f e r e n c e  b e t w e e n  
a r e a s  a b d c  a n d  a b b 'a '  g iv e s  r is e  to a n  e r r o r  w h e n  c a lc u la t in g  th e  
p r e s s u r e  o n  th e  y ie ld in g  s t r ip .
2.2.2 P assiv e  mode
I n  a  s i m i la r  m a n n e r  to  th e  a c t iv e  m o d e , F i g u r e  2 .2 ( b )  i l lu s t r a t e s  a n  
id e a l is a t io n  o f  a  s l ip  s u r f a c e  f o r  o b je c t s  e m b e d d e d  in  th e  s e a b e d ,  
s u g g e s t e d  b y  B a l i a  in  1 9 6 1 .  I n  h is  p r o p o s a l, th e  c ir c le  in t e r c e p t s  th e  
s u r f a c e  o f  th e  g r o u n d  a t  a n  a n g le  o f  4 5 ° —fl2  a n d  th e  p la t e  e d g e  a t  a n  
a n g le  o f  9 0 ° . I t  w a s  c o n f ir m e d  t h a t  th e  a s s u m p t io n  w a s  in  g o o d  
a g r e e m e n t  w it h  th e  s h a p e  o f  th e  e a r t h  m a s s  b r e a k in g  o u t  in  th e  
la b o r a t o r y  m o d e l t e s t s  in  w e t  s a n d .
F o r  s h a l lo w  e a r t h  c o v e r  in  F i g u r e  2 .2 ( b )  th e  d if f e r e n c e  b e t w e e n  th e  
a r e a s  a b d c  a n d  a  v e r t ic a l  s l ip  s u r f a c e  a b b 'a '  is  r e la t iv e ly  in s ig n if ic a n t  
c o m p a r e d  to  th e  d e e p  e a r t h  c o v e r . T h e r e f o r e ,  S p a n g le r 's  f o r m u la  fo r  
e m b a n k m e n t  c o n d it io n s  s e e m s  s a t is f a c t o r y  fo r  c o m p u t in g  th e  v e r t ic a l  
lo a d  im p o s e d  o n  a  b u r ie d  o b je c t , a s  d is c u s s e d  in  th e  s u b s e q u e n t  s e c t io n .
V e s i c ( 1 9 7 1 )  m a d e  o b s e r v a t io n s  f r o m  s m a l l  s c a le  t e s t s  p e r f o r m e d  a t  D u k e  
U n i v e r s i t y  a n d  s t a t e d  t h a t  t h is  f a ilu r e  s h a p e  o c c u r s  o n ly  in  th e  c a s e  o f
s h a l lo w  o b je c t s  in  d r y  s o ils ,  a n d  th e  s h a p e  in  w e t  s o i ls  a t  s h a l lo w  d e p th  
c o u ld  b e  a  v e r t ic a l  c y l in d r ic a l  a r o u n d  th e  p e r im e te r  o f  th e  o b je c t . I n  a  
p a s s i v e  c o n d it io n  fo r  d e e p  f o u n d a t io n s , th e  s h a p e  o f  th e  y ie ld in g  s u r f a c e  
is  u n l ik e  th e  g e n e r a l  s h e a r  f a ilu r e  s h o w n  in  F i g u r e  2 .2 ( b ) ,  ir r e s p e c t iv e  o f  
th e  p r o p e r t ie s  o f  th e  s o il.  T h e  s l ip  s u r f a c e  p r o g r e s s e s  v e r t ic a l ly  fo r  
c o n s id e r a b le  d is t a n c e s ,  w it h  f a ilu r e  p a t t e r n s  s i m i la r  to t h a t  o f  p u n c h in g  
s h e a r  f a ilu r e ..
M o r e o v e r , fo r  a n  id e a l  g r a n u la r  m a s s  in  p la n e  s t r a in  a  s e r ie s  o f  tra p  
d o o r  m o d e l t e s t s  w e r e  c a r r ie d  o u t  b y  L a d a n y i  e t  a l .( 1 9 6 9 )  u s in g  
S c h n e e b e l i 's  r o d  m o d e l a t  M o n t r e a l  U n i v e r s it y ,  w it h  a  s t a t io n a r y  c a m e r a  
d u r in g  lo w e r in g  a n d  r a is in g  o f  th e  m o d e l s t r u c t u r e .  I t  w a s  c o n f ir m e d  
t h a t  th e  d is p la c e m e n t  t r a je c t o r ie s  a re  a lm o s t  id e n t ic a l  w it h  th o s e  
a s s u m e d  in  F i g u r e s  2 .2 ( a )  a n d  (b ).
2.2.3 Earth pressures on yielding strip
2 .2 .3 . 1  J a n s s e n ' s  a r c h in g  a n a ly s is
T h e  a r c h in g  t h e o r y  in  p la n e  s t r a in  w a s  in it ia t e d  b y  J a n s s e n  in  1 8 9 5 .  
W it h  r e f e r e n c e  to F i g u r e  2 .3 , th e  e a r t h  p r e s s u r e  a t  a  d e p th  c a n  b e  t a k e n  
a s  th e  d if f e r e n c e  b e t w e e n  th e  w e ig h t  o f  th e  p r is m  a b b ' a '  a n d  th e  
f r ic t io n a l  r e s is t a n c e  e x e r t e d  a lo n g  th e  s id e s  o f  th e  p r is m  a a ' a n d  b b ' .
T h e  t h e o r y  w a s  d e r iv e d  b a s e d  o n  th e  f o llo w in g  a s s u m p t io n s  ( B u ls o n ,  
1 9 8 5 ) :
( i)  th e  c o e f f ic ie n t  o f  h o r iz o n t a l  p r e s s u r e  to v e r t ic a l  p r e s s u r e  
a t  a n y  d e p th  is  a  c o n s t a n t .
( ii)  th e  c o e f f ic ie n t  o f  f r ic t io n  tan A  is  c o n s t a n t  a lo n g  th e  
w h o le  d e p th  o f  th e  b o u n d a r y  o f  y ie ld in g  a n d  u n y ie ld in g  
p a r t s .
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( ii i)  a  u n it  le n g t h  is  a s s u m e d  in  th e  lo n g it u d in a l  d ir e c t io n  a n d  
e a r th  c o v e r  H  is  c o n s id e r e d  f r o m  th e  g r o u n d  s u r f a c e .
( iv )  th e  s h e a r  r e s is t a n c e  o f  c o h e s iv e  m a t e r ia ls  i s  d e te r m in e d  
b y  th e  M o h r -C o u l o m b  e q u a t io n  r = c  +  c rta n ^ .
N o w , c o n s id e r  a  h o r iz o n t a l  e le m e n t  o f  in f in it e s im a l  t h ic k n e s s  a t  a  d e p th  
z  f r o m  th e  g r o u n d  s u r f a c e .  T h e  h o r iz o n t a l  p r e s s u r e  uh , a c t in g  a lo n g  th e  
s l ip  s u r f a c e  a t  d e p th  z ,  w i l l  b e  a  p r o d u c t  o f  th e  la t e r a l  e a r t h  p r e s s u r e  
c o e f f ic ie n t  K ,  a n d  th e  v e r t ic a l  p r e s s u r e  <?v , im p o s e d  o n  th e  h o r iz o n t a l  
e le m e n t. T h e  s h e a r  r e s is t a n c e  o n  th e  v e r t ic a l  s l ip  s u r f a c e  is  th e r e fo r e  
c + u v K t a n ^ .  T h e  w e ig h t  o f  th e  t h in  e le m e n t  is  g iv e n  b y  B t y d z ,  
w h e r e  y i s  th e  u n it  w e ig h t  o f  th e  s o il.  T h e r e f o r e ,  th e  v e r t ic a l  
e q u i l ib r iu m  e q u a t io n  fo r  th e  e le m e n t  p e r  u n it  le n g t h  is ,
B t ( av +  d <7V )  = B t av +  B t y d z  — 2 c  d z — 2 K  ov d z  tan 4>
T o  s im p l if y  th e  a b o v e  e q u a t io n , th e  t e r m  t a n ^  is  r e p la c e d  w it h  g. In  
a d d it io n , it  i s  a s s u m e d  t h a t  a  u n if o r m  s u r c h a r g e  p r e s s u r e  crt , o n  th e  
g r o u n d  s u r f a c e  e x is t s .  T h e  e q u i l ib r iu m  e q u a t io n  a t  d e p th  z ,  c a n  b e  
h e n c e  e x p r e s s e d  a s  f o l lo w s .*
[ 1 -  «  ' 2K" 2/B'] +  *  e ~ 2 K W B ' (2.1)
F o r  n o n - c o h e s i v e  m a t e r ia ls  w it h o u t  s u r c h a r g e  lo a d in g  E q n  2 . 1  b e c o m e s ,
 B t 7 r n — 2 K ^ z / B ,  I / o  n \
0 V - " 2 K T L 1 “ e  J  ( 2 l 2 )
A s  c a n  b e  s e e n , th e  m a g n it u d e  o f  p r e s s u r e  is  p r o p o r t io n a l to  th e  v a lu e
o f ( 1 — e 2Ktiz/Bi)/2K /j. , te r m e d  a  coefficient of load in  t h is  t h e s is ,  a n d  
th e  g e n e r a t e d  e a r t h  p r e s s u r e  c a n  th e r e fo r e  b e  e x p r e s s e d  b y  
av= f  ( 0 ,  K ,  H / B t) .
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In  th e  a b o v e , th e  s h e a r  r e s is t a n c e  d u e  to th e  c o h e s io n  o f  th e  f i l l  
m a t e r ia l  s h o u ld  n o t  b e  c o n s id e r e d , b e c a u s e  n e w ly  w o r k e d  s o i l  h a s  no  
c o h e s io n . T o  r e g a in  b o n d  s t r e n g t h  a f t e r  a  f a ilu r e  e v e n t  d u e  to f lo w in g  
a n d  d ila t io n , s o i l  n e e d s  a  lo n g  t im e  f o r  a g e in g  a n d  c re e p . T h e  p e a k  
s t r e n g t h s  a r e  c a u s e d  b y  in t e r -p a r t ic l e  in t e r lo c k in g  a n d  th e  s t r e n g t h  
d e p e n d s  o n  th e  p a c k in g  g e o m e t r y ,  n o t  o n  th e  c h e m is t r y  o f  b o n d s . F o r  
t h is  r e a s o n , th e  f a c t o r s  a f f e c t in g  p e a k  s t r e n g t h  o f  d e n s e  s o ils  a re  
in t e r lo c k in g  a n d  f r ic t io n  a m o n g  th e  s o il  p a r t ic le s  ( S c h o f ie ld ,  19 9 8 ) .  
A c c o r d in g  to th e  R o w e ' s ( 1 9 5 4 )  e x p e r im e n t s  to f in d  th e  d e g r e e  o f  
m o b il is a t io n  o f th e  f r ic t io n  a n g le  in  s h e a r  t e s t s ,  a  r a p id  lo a d in g  c a u s e d  
th e  v a lu e  o f  4> to  b e  1  — 1 . 5 °  h ig h e r ,  w h e r e a s  s a m p le s  le ft  s t r e s s e d  f o r  
2 4 - h o u r  p e r io d s  r e s u lt e d  in  th e  v a lu e  to b e  2  — 3 °  lo w e r . T h e s e  m ig h t  
b e  d u e  to  th e  d is s ip a t io n  o f  a n  in t e r lo c k in g  c o m p o n e n t . U n d e r  t h e s e  
c ir c u m s t a n c e s ,  E q n  2 .2  s e e m s  to b e  m o r e  a p p r o p r ia te  fo r  d e t e r m in in g  
th e  v e r t ic a l  p r e s s u r e .
2 .2 .3 .2  T h e o r y  o f  e la s t ic i t y  c o n s id e r in g  b o u n d a r y  c o n d it io n s
F i n n ( 1 9 6 3 )  a tte m p te d  to  d e v e lo p  a  c o h e r e n t  t h e o r y  f o r  th e  v e r t ic a l  a n d  
la t e r a l  p r e s s u r e s  in  a  s o i l  m a s s  w it h  a  y ie ld in g  s t r ip , b a s e d  o n  th e  
t h e o r y  o f  e la s t ic i t y  a n d  c o n s id e r in g  it  a s  a  g e n e r a l  b o u n d a r y  v a lu e  
p r o b le m  in  s o il  m e c h a n ic s .  H i s  a n a ly t ic a l  e x p r e s s io n s  m a y  p r o v id e  th e  
b e s t  t h e o r e t ic a l b a s is  fo r  a n a ly s is ,  g iv in g  d e ta ile d  p r e s s u r e  d is t r ib u t io n  
v e r y  c lo s e  to t h o s e  o b s e r v e d , c o m p a r e d  to th e  w r it e r 's  s t u d ie s . F o r  
in s t a n c e ,  a lt h o u g h  th e  t h e o r ie s  o f  th e  la t e r a l e a r t h  p r e s s u r e  a g a in s t  
r e t a in in g  s t r u c t u r e s  h a v e  b e e n  in v e s t ig a t e d  b y  m a n y  r e s e a r c h e r s ,  th e y  
a re  r e s t r ic t e d  p r im a r i ly  to  a n  a s s e s s m e n t  o f  la t e r a l p r e s s u r e s  in d u c e d  b y  
s u r f a c e  lo a d s  o n ly , a n d  th e  b o u n d a r y  c o n d it io n s  o f  th e  p r o b le m  w e r e  
ig n o r e d .
F i n n ' s  a n a ly t ic a l  e x p r e s s io n s  w e r e  b a s e d  o n  a  t w o -d im e n s io n a l  s o il  
m a s s  w it h  a  y ie ld in g  s t r ip  s i m i la r  to T e r z a g h i ' s  e x p r e s s io n ( 1 9 4 3 ) ,  a n d
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c o n s id e r e d  t w o  t y p e s  o f  d is p la c e m e n t  o f  th e  y ie ld in g  b a s e ;  i.e . p u r e  
t r a n s la t io n  d o w n w a r d  a n d  p u r e  r o t a t io n . W h e n  th e  d is p la c e m e n t  o f  th e  
s o i l  b a s e  o c c u r s  in  th e  v e r t ic a l  d ir e c t io n , the' s o i l  m a s s  e x e r t s  s o m e  
d r a g  o n  th e  b a s e  in  r e a l it y .  H o w e v e r ,  a  s m a ll  d is p la c e m e n t  d o e s  n o t  
d e v e lo p  th e  m a x im u m  a n g le  o f  w a l l  f r ic t io n , a s  s h o w n  b y  m a n y  
r e s e a r c h e r s ,  s u c h  a s  T e r z a g h i ( 1 9 3 4 ) ,  R o w e ( 1 9 6 2 ,  1 9 6 9 ) ,  R o w e  a n d
P e a k e r ( 1 9 6 5 ) ,  W r o t h  a n d  B a s s e t t ( 1 9 6 5 ) ,  B o lt o n ( 19 8 6 , 1 9 9 1 ) ,  e t c . T h u s ,  it  
c a n  b e  a s s u m e d  t h a t  n o  s l ip  o c c u r s  b e t w e e n  th e  b a s e  a n d  th e  s o il  w h e n  
a  s m a l l  d is p la c e m e n t  t a k e s  p la c e , im p ly in g  th e  s t r a in s  a t  th e  b a s e  in  th e  
h o r iz o n t a l  d ir e c t io n  to b e  z e ro . P u r e  t r a n s la t io n  o f  th e  b a s e  w it h  
c o n d it io n s  o f  b o th  s l ip  a n d  n o  s l ip  o n  th e  r ig id  b a s e  a r e  th e r e fo r e  
r e v ie w e d  a n d  s u m m a r is e d  in  th e  f o llo w in g .
N o  f r ic t io n  o n  b a s e
F i g u r e  2 .4  p r e s e n t s  th e  b o u n d a r y  c o n d it io n s  o f th e  s o i l  m a s s  fo r  th e  
y ie ld in g  s t r ip  w it h  a  f r ic t io n le s s  b a s e , w h ic h  p r o v id e s  n o  s h e a r  s t r e s s  
rxy(b) o n  th e  b a s e  o f  th e  s o il  m a s s .  H e r e , it  i s  a s s u m e d  t h a t  a  s m a l l  
p r e s c r ib e d  d is p la c e m e n t  d ,  o f  th e  y ie ld in g  b a s e  is  in s u f f ic ie n t  to  g e n e r a t e  
s l ip  s u r f a c e s .  T h e r e f o r e ,  th e  v e r t ic a l  s t r e s s  o n  th e  s u r f a c e  o f  s o il  m a s s  
a t  a n  in f in it e  d is t a n c e  ( y  =  oo) w in  b e  z e ro  a n d  th e  v e r t ic a l  
d is p la c e m e n t  is ,  s u b s e q u e n t ly ,  a s s u m e d  to h a v e  b e e n  d is s ip a t e d . T h e  
c o m p le t e  s t r e s s  d is t r ib u t io n  f o r  p r e s s u r e s  im p o s e d  o n  a  s m o o th ,  
h o r iz o n t a l  y ie ld in g  s t r ip  o f  w id t h  (2  b ) in  a  m e c h a n is m  o f  e la s t ic i t y  is  
e x p r e s s e d  b y  th e  s u m  o f  s t r e s s e s  d u e  to  d is p la c e m e n t  a n d  to th e  u n it  
w e ig h t  o f  th e  m a t e r ia l  r :
<7X ^xd T  (2 .3 a )
<7y =  O'y d  +  Gyy  ( 2 .3 b )
a n d
^ x y ( b )  ^ x y d ( b )  ( 2 .3 c )
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w h e r e , th e  s t r e s s e s  d u e  to d is p la c e m e n t  o f th e  s o il  m a s s  a re ,
G x d 2J3k
x +  b
(x +  b)2 + y2
2(x + b)v2 
[ ( x + b )2 + y2]2
x-
+
(x —b)2 +  y2
2(x —b)v2 
[ ( x - b ) 2 +  y2]2
G yd
d x + b
2 0K (x + b)2 +  y2
2(x + b)v2 
[ (x +  b)2 +  y2]2
( x
+
x - b
-  b)2 + y2
2(x —b)v'
[ (x — b) + y ]
a n d
x y d ( b )
_ Z < L  
2 fin
y2 — ( x —b)2 
[ (x + b)2 +  y2]2 [ ( x
- ( x + b ) 2 
b)2 +  y2]2
w h e r e , ft i s  th e  r e c ip r o c a l  o f  Y o u n g ' s  m o d u lu s  o f  th e  s o i l  m a s s  
s t r a in ,  a s s u m in g  th e  d is p la c e m e n t  in  th e  h o r iz o n t a l d ir e c t io n  to  
F r o m  H o o k e 's  la w , / 9 =  ( 1  — v2)/Es.
T h e  s t r e s s e s  d u e  to  th e  s e l f - w e i g h t  o f  s o i l  a re ,
V
xr i - u
Gyy= -  7 (H -  y)
r(H -  y)
a n d
(2 .4 a )
(2 .4 b )
(2 .4 c )
in  p la in  
b e  z e ro .
( 2 .5 a )
(2 .5 b )
(2.6c)
T o  f in d  th e  h o r iz o n t a l  p r e s s u r e  a t  th e  y ie ld in g  s t r ip  w h e r e  y = 0, E q n  
2 .3 a  ( = 2 .4 a + 2 .5 a )  is  m o d if ie d  to,
w h e r e  B t c o r r e s p o n d s  to 2 b .  T h e  h o r iz o n t a l  p r e s s u r e  t h r o u g h  th e  
c e n t r e  l in e  o f  th e  y ie ld in g  s t r ip  ( x  =  0) is ,
h , x  =  0 1 - v y ( H  -  y )  -
d B t 
2ftn
I  2  I ( 2 .6a 2 )
F o r  to ta l v e r t ic a l  p r e s s u r e  o n  th e  y ie ld in g  s t r ip  ( y  =  0 ), E q n  2 .3 b  
( = 2 .4 b + 2 .4 b )  c a n  b e ,
v , y  =  0 y H
d B t 
2 fix
1
B t  \ 2 . 2
X
(2 .6b l )
w h e r e , d o w n w a r d  p r e s s u r e  is  c o n s id e r e d  a s  p o s it iv e  s ig n .  T h e  p r e s s u r e  
a t  th e  c e n t r e  o f  th e  y ie ld in g  s t r ip  is  n o w  o b t a in e d  b y  p u t t in g  x  =  0 in  
E q n  2 .6 b  1 ,  t h a t  is
£7v>y =  0,x =  0:=  y H
2 d
ft fl’ B , ( 2 .6b 2 )
S in c e  th e  p r e s s u r e  a t  th e  e d g e  o f  y ie ld in g  s t r ip  ( x = B t / 2 )  a p p r o a c h e s  
n e g a t iv e  in f in it y ,  th e  p r e s s u r e  ( t h e o r e t ic a lly )  c a n  b e  a s s u m e d  to  b e  z e ro .
A d h e s io n  a n d  F r ic t io n  o n  B a s e
W h e r e  n o  s l ip  o c c u r s ,  th e  s t r a in  a t  th e  r ig id  b a s e  in  th e  x  d ir e c t io n  w il l  
b e  z e r o . Ir r e s p e c t iv e  o f  th e  e x is t e n c e  o f  s t r a in ,  s h e a r  s t r e s s  o c c u r s  a lo n g  
t h e  r ig id  b a s e  c o n t a c t in g  o v e r ly in g  y ie ld  m a t e r ia ls  d u e  to e it h e r  
a d h e s io n , f r ic t io n  o r  a  c o m b in a t io n  o f  b o th . T h e  h o r iz o n t a l,  v e r t ic a l  a n d  
s h e a r  s t r e s s  d is t r ib u t io n s  in  th e  s o i l  m a s s  d u e  to d is p la c e m e n t  a n d  
a d h e s io n  c a n  b e  g iv e n  b y  E q n s  2 .7 a , 2 .7 b  a n d  2 .7 c ,  r e s p e c t iv e ly ,  w h ic h
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in c lu d e s  th e  in f lu e n c e  o f  s e l f - w e i g h t  o f  s o il  o b t a in e d  f r o m  E q n  2 .5  fo r  
th e  c o m p le t e  s o lu t io n .
G x d
2  p x + b x - b
7 t ( 3 / 3 - io) 0+ p \ ( x  +  b f  +  y 2 ( x  — b )2 +  y 2
_  2 ( x  +  b ) v 2 +  2 ( x  — b ) v 2
{ ( x  + b ) 2 +  y 2} 2 ' { ( x  — b ) 2 +  y 2 )
, 2 l 2
( 2 .7 a )
G y d
2JL x  +  b
ttC3/S— /o) [ 0 +PI  ( x  +  b )2 +  y 2 ( x - b f + y 2
+
2 ( x  +  b ) v s 2 ( x  — b ) v ;
{ ( x  +  b ) 2 +  y 2} 2 { ( x  — b ) 2 +  y 2) 2 .
(2 .7 b )
a n d ,
rxyd(b) tu(3(3- p )
'J L lj0
. p \ ( x  — b )2 +  y 2 ( x  — b )2 +  y
v i v 2 - ( x - b ) 2) v ( v 2 — ( x  +  b ) 2) 1
{ ( x  — b ) 2 +  y 2} 2 { ( x  +  b ) 2 +  y 2} 2 ,
(2 .7 c )
w h e r e , p — — ^
s
T h e  h o r iz o n t a l  p r e s s u r e  a t  th e  y ie ld in g  s t r ip  ( y  =  0) c a n  b e  th e r e fo r e ,
t f h . y  0 i  _  u y H  (0 _j_ ^d p B t
( — ) 2  ^ 2  2
( 2 .8a l )
w h ic h  is  th e  s u m  o f  E q n s  2 .7 a  a n d  2 .5 a . T h e  h o r iz o n t a l  p r e s s u r e  
t h r o u g h  th e  c e n t r e  l in e  o f th e  y ie ld in g  s t r ip  ( x  =  0) b e c o m e s ,
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G h ,x  =  0 =  I  -  y  “  y )  ”
2d B t
ft +  P
( - | t ) 2 +  y 2
I n  a  s a m e  w a y ,  th e  t o ta l v e r t ic a l  p r e s s u r e  o n  th e  y ie ld in g  s t r ip  ( y  =  0) 
c a n  b e  e x p r e s s e d  b y
H e r e ,  th e  p r e s s u r e  a t  th e  c e n t r e  o f th e  y ie ld in g  s t r ip  c a n  b e  o b t a in e d  b y  
p u t t in g  x  =  0 *
F i g u r e  2 .5 ( a )  e x h ib it s  th e  p r e s s u r e  d is t r ib u t io n s  c o m p u t e d  b y  u s in g  E q n  
2 .4 a  fo r  th e  e n t ir e  b a s e  ( y  =  0 ) ,  a n d  F ig u r e  2 .5 (b ) re p re s e n ts  th e  p r e s s u r e  
d is t r ib u t io n  c o n s id e r in g  b o th  th e  d is p la c e m e n t  o f  th e  y ie ld in g  b a s e  a n d  
th e  s e l f - w e i g h t  o f  s o i l  y H .  T h e y  a r e  in  g o o d  a g r e e m e n t  w it h  th e  
e s s e n t ia l  f e a t u r e s  o f  a r c h in g  d e m o n s t r a t e d  b y  T e r z a g h i  a n d  P e c k ( 1 9 6 7 )  
a n d  th e  r e s u lt s  o b t a in e d  f r o m  th e  f in it e  e le m e n t  m e th o d  u s i n g  C R I S P  
p e r fo r m e d  b y  w r it e r  ( w h ic h  is  n o t  s h o w n ' in  t h is  t h e s is ) .  W it h  
in c r e a s in g  d is t a n c e  f r o m  th e  y ie ld in g  s t r ip , th e  v e r t ic a l  s t r e s s e s  d u e  to  
th e  d is p la c e m e n t  d is s ip a t e s  r a p id ly  r e g a r d le s s  o f th e  e x is t e n c e  o f  f r ic t io n  
b e t w e e n  r ig id  b a s e  a n d  s o il  m a s s  in  F i g u r e  2 .4 . T h e  d e c r e a s e  o f  th e  
v e r t ic a l  s t r e s s  d u e  to d is p la c e m e n t  a t  a  d is t a n c e  o f 2 .5  B t a b o v e  th e  
c e n t r e lin e  o f  th e  y ie ld in g  s t r ip  is  s l ig h t ly  le s s  t h a n  4 %  o f  t h a t  a t  th e  
b a s e . T h i s  a g r e e s  w it h  T e r z a g h i ' s (  1 9 3 6 )  e x p e r im e n t , in d ic a t in g  t h a t  th e  
a r c h in g  e f fe c t  d u e  to d is p la c e m e n t  o f a  y ie ld in g  t r a p d o o r  a t  d is t a n c e  o f  
2 .5  B t f r o m  th e  t r a p d o o r  w a s  n e g lig ib le .  F i n n  a ls o  p o in te d  o u t  t h a t  th e
( 2 .8 b l)
^  _  V T T _______________ O UP__________
°rv,y=o,x=o r t i  n(3ft+ p )( ft+ p)B t (2 .8 b 2 )
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s t r e s s  in d u c e d  f o r  a  s m a l l  d is p la c e m e n t  'd '  is  in  p r o p o r t io n  to it s  
m a g n it u d e .
I n  g e n e r a l,  F i n n ' s  e x p r e s s io n  is  s i m ila r  to J a n s s e n 's  a n a ly s is ,  c o m p r is in g  
b o th  th e  h y d r o s t a t ic  p r e s s u r e  d u e  to  th e  w e ig h t  o f  th e  s o i l  a b o v e  th e  
s t r ip , a n d  th e  n e g a t iv e  p r e s s u r e  d u e  to  th e  d o w n w a r d  d is p la c e m e n t  o f  
y ie ld in g  ' s t r ip . H o w e v e r ,  F i n n ' s  e x p r e s s io n s  p r o v id e  m o r e  r e a l is t ic  
r e s u lt s ,  s in c e  h is  t h e o r y  c o n s id e r s  b o th  th e  m a g n it u d e  o f  d is p la c e m e n t  
o f  th e  y ie ld in g  b a s e  a n d  th e  e la s t ic  p r o p e r t ie s  o f  s o il  s u c h  a s  P o i s s o n 's  
r a t io  a n d  Y o u n g ' s  m o d u lu s .
2.3 Current Practice on Underground Pipelines
T h e  u s e  o f u n d e r g r o u n d  p ip e s  w a s  r e c o r d e d  a s  lo n g  a g o  a s  3 0 0 0  y e a r s .  
D e s p it e  a c c u m u la t in g  e x p e r ie n c e  in  p a r a lle l  w it h  e x t e n s iv e  r e s e a r c h  w o r k  
le a d in g  to  im p r o v e m e n t s  in  th e  t e c h n iq u e s  f o r  d e s ig n  a n d  c o n s t r u c t io n ,  
th e r e  w e r e  m a n y  f a ilu r e s  c a u s e d  b y  p o o r  c o n s t r u c t io n ,  p o o r  e n g in e e r in g  
o r  a  c o m b in a t io n  o f  b o th . O n  th e  o th e r  h a n d , th e  m a jo r it y  o f  p ip e lin e s  
w e r e  c o n s t r u c t e d  u s in g  e x c e s s iv e ly  s t r o n g  p ip e s . T h e r e  w e r e  a m b ig u o u s  
id e a s  fo r  d e t e r m in in g  th e  e a r t h  lo a d s  a c t in g  o n  b u r ie d  s t r u c t u r e s  u n t il  
th e  t h e o r y  o f lo a d in g  w a s  in t r o d u c e d  b y  A n s o n  M a r s t o n  in  1 9 1 3 .  O n e  
s im p le  a p p r o a c h  w a s  to c o n s id e r  th e  lo a d  o n  a  b u r ie d  p ip e  to b e  in  
p r o p o r t io n  to th e  h e ig h t  o f  th e  e a r t h  c o v e r . T w o  o t h e r  id e a s  a s s u m e d  
c e r t a in  c o n d it io n s ,  h e n c e , th e  lo a d  m ig h t  b e  e it h e r  s m a l le r  o r  g r e a t e r  
t h a n  th e  g e o s t a t ic  lo a d ,  a s  il lu s t r a t e d  in  F i g u r e  2 .6 . ( S p in d le r ,  1 9 5 5 )  
W it h  r e g a r d  to th e  e n g in e e r in g  im p a c t  o f  ig n o r in g  th e  in f lu e n c e  o f  th e  
in t e r a c t io n  b e t w e e n  p ip e  a n d  s u r r o u n d in g  s o i ls ,  it  is  t im e ly  to  
in v e s t ig a t e  th e  c u r r e n t  p r a c t ic e s  c o m m o n ly  u s e d  in  th e  p ip e  
m a n u f a c t u r in g  a n d  in s t a l la t io n  in d u s t r ie s .
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2.3.1 External loads
F o l lo w in g  M a r s t o n 's  c o n t r ib u t io n  to th e  t h e o r y  o f  e a r t h  lo a d s  in  1 9 0 8  
( p u b lis h e d  in  1 9 1 3 ) ,  h i s  s t u d y  w a s  v a s t ly  e x te n d e d  to  a  r a n g e  o f  
in s t a l la t io n  c o n d it io n s  b y  S p a n g le r  d u r in g  1 9 2 6  a n d  1 9 5 2 .  A s  a  r e s u lt ,  
u n d e r g r o u n d  p ip e  in s t a l la t io n s  h a v e  b e e n  c la s s if ie d  in to  s e v e r a l  g r o u p s ,  
a s  d e s c r ib e d  in  F i g u r e  2 .7 .
T h e  b a s ic  p r in c ip le s  o f  a r c h in g  a n d  in v e r t e d  a r c h in g  a c t io n  c o r r e s p o n d  
to a c t iv e  a n d  p a s s i v e  m o d e s  d is c u s s e d  p r e v io u s ly ,  w h ic h  a r e  d ir e c t ly  
b a s e d  o n  th e  t r e n d  o f  r e la t iv e  m o v e m e n t  (o r  s e t t le m e n t)  o f  th e  to p  s o i ls  
p la c e d  a b o v e  th e  p ip e  a n d  th e  s id e  f i l ls .  B a s e d  o n  t h is  r a t io n a l  p r in c ip le ,  
th e  in s t a l la t io n  c o n d it io n  o f  th e  b u r ie d  p ip e  c a n  b e  id e n t if ie d  b y  tw o  
m a in  c o n d it io n s ;  " tr e n c h  c o n d it io n "  a n d  " e m b a n k m e n t  c o n d it io n " .
2 . 3 . 1 . 1  T r e n c h  c o n d it io n
T r e n c h  c o n d it io n  is  d e f in e d  a s  " a  s t a t e  o f  p ip e  in s t a l la t io n  in  a  n a r r o w  
t r e n c h , w h e r e  th e  n a t u r a l  g r o u n d  is  in  r e la t iv e ly  p a s s i v e  a n d  u n d is t u r b e d  
s o il;  w h e n  th e  p ip e  is  in s t a lle d ,  th e  t r e n c h  is  th e n  c o m p le t e ly  c o v e r e d  
w it h  r e la t iv e ly  c o m p r e s s ib le  m a t e r ia l  c o m p a r e d  to th e  a d ja c e n t  n a t u r a l  
g r o u n d " . S in c e  th e  b a c k f i l l  t e n d s  to s e t t le  d o w n , a n  a p p r e c ia b le  f r ic t io n a l  
r e s is t a n c e  a lo n g  th e  s id e  o f  th e  t r e n c h  o c c u r s ,  c a u s in g  th e  v e r t ic a l  e a r th  
lo a d  to  b e  r e d u c e d .
N o  d if f e r e n c e  in  e it h e r  th e  d e v e lo p m e n t  o f  th e o r y  o r  th e  b a s ic  
a s s u m p t io n  c a n  b e  f o u n d  b e t w e e n  M a r s t o n ' s ( 1 9 1 3 )  th e o r y  a n d  J a n s s e n ' s .  
H o w e v e r ,  M a r s t o n  a s s u m e d  t h a t  th e  p ip e  s u p p o r t s  th e  w h o le  v e r t ic a l  
lo a d  e x e r t e d  w it h  th e  t r e n c h , a n d  t h a t  th e  lo a d  is  u n if o r m ly  d is t r ib u t e d  
o v e r  it s  b r e a d t h . T h e s e  a s s u m p t io n s  b o th  c o n s id e r  t h a t  th e  f i l ls  o n  e a c h  
s id e  o f  th e  p ip e  a r e  r e la t iv e ly  c o m p r e s s ib le  c o m p a r e d  to th e  b u r ie d  p ip e .
The mathematical process for the development of the formula is
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f u n d a m e n t a lly  id e n t ic a l  to t h a t  o f  J a n s s e n s '  a n a l y s is  in  1 8 9 5 ,  b u t  th e  
c o h e s io n  b e t w e e n  th e  n a t u r a l  g r o u n d  a n d  b a c k f i l l  w a s  ig n o r e d . T h e  
s o lu t io n  is  th e r e fo r e  g iv e n  b y ,
(2 .9 )
w h e r e  B d is  th e  h o r iz o n t a l  w id t h  o f  t r e n c h  a t  th e  to p  o f  th e  p ip e . 
P u t t in g  W d =  B dV ,  h e n c e ,
W d =  lo a d  o n  p ip e  p e r  u n it  le n g t h  in  lo n g it u d in a l  d ir e c t io n
C d =  c o e f f ic ie n t  o f lo a d
U n l ik e  th e  o th e r , M a r s t o n ' s  f o r m u la  u s e s  th e  a c t iv e  R a n k i n e ' s  e a r th  
p r e s s u r e  c o e f f ic ie n t  K =  t a n 2 ( 4 5 °  — 0 /2 )  a n d  th e  t e r m  " c o e f f ic ie n t  o f  
f r ic t io n  b e t w e e n  f il l  m a t e r ia l  a n d  s id e s  o f t r e n c h "  gs — t a n 0 s , g iv in g  a n  
u p p e r  b o u n d .
E v e n  t h o u g h  M a r s t o n 's  f o r m u la  h a s  g r e a t  m e r it  in  u s e  fo r  th e  c a s e  o f  
r i g i d  p ip e s  w it h  r e la t iv e ly  c o m p r e s s ib le  s id e  f il ls ,  th e r e  is ,  h o w e v e r , a  
la r g e  d if f ic u lt y  in  s e le c t in g  th e  p r o p e r  v a lu e s  o f  f r ic t io n a l  p r o p e r t ie s  
b e t w e e n  f il l  m a t e r ia l  a n d  th e  s id e s  o f  t r e n c h . T h e r e f o r e ,  a  c o n s id e r a b le  
n u m b e r  o f  f r ic t io n  m e a s u r e m e n t s  h a v e  b e e n  m a d e  b y  th e  u s e  o f  th e
(2 .1 0 a)
F o r  c o n v e n ie n c e  E q n  2 . 1 0 a  is  s im p lif ie d  a s  f o l lo w s :
W d = C d r  B d2 (2 .1 0 b )
w h e r e ,
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s im p le  a p p a r a t u s .  F r o m  e a r ly  t e s t s ,  it  w a s  f o u n d  t h a t  th e  c o n s is t e n c y  o f  
f i l l in g  m a t e r ia l  i s  g r e a t ly  a f f e c t e d  b y  th e  c h a r a c t e r is t ic s  o f  th e  p a r t ic le s  
o f m a t e r ia l  a n d  e s p e c ia l ly  b y  th e  d e g r e e  o f s a t u r a t io n  w it h  w a t e r , w h ic h  
r e s u lt s  in  w id e  v a r ia t io n s  o f  lo a d s  o n  p ip e s .
F r o m  M a r s t o n ' s  e a r ly  e x p e r im e n t s  c o m p a r in g  th e  m e a s u r e d  a n d  
c a lc u la t e d  lo a d s  o n  p ip e s , it  is  c le a r  t h a t  th e  c o h e s iv e  r e s is t a n c e  c a n  n o t  
b e  c o n s id e r e d  in  th e  e f fe c t  o f lo a d  d im in is h m e n t .  I n  p a r t ic u la r ,  th e  
in c r e a s e  o f  lo a d  o n  th e  p ip e s  w a s  r e c o r d e d  d u r in g  th e  w o r k  s t o p s  fo r  
n ig h t  a n d  S u n d a y . I t  s e e m s  to b e  d u e  to th e  d is s ip a t io n  o f  a n  
in t e r lo c k in g  c o m p o n e n t  b e t w e e n  tw o  m a t e r ia ls .  M a r s t o n  e t  a l . ( 1 9 1 3 )  
s u g g e s t e d  t h a t  a llo w in g  f o r  s u c h  la g , th e  d if f e r e n c e  b e t w e e n  th e  w e ig h t  
o f f i l l in g  m a t e r ia l  a n d  th e  a c t u a l  lo a d s  m e a s u r e d  o n  th e  p ip e  is  f u l ly  
a c c o u n t e d  f o r  in  e v e r y  c a s e  b y  th e  s h e a r  r e s is t a n c e  a lo n e .
2 .3 . 1 .2  E m b a n k m e n t  c o n d it io n
E m b a n k m e n t  c o n d it io n s  a r e  d e f in e d  a s  t h o s e  in  w h ic h  th e  p ip e  is  la y e d  
o n  th e  n a t u r a l  g r o u n d  o r  in  a  v e r y  w id e  t r e n c h , a n d  t h e n  c o v e r e d  b y  f il l  
m a t e r ia ls  u p  to th e  p la n n e d  e le v a t io n . T h e  e m b a n k m e n t  c o n d it io n  is  
m a in ly  c la s s if ie d  in to  th r e e  g r o u p s  ( i.e . p o s it iv e  p r o je c t io n  c o n d it io n ,  
n e g a t iv e  p r o je c t io n  c o n d it io n  a n d  in d u c e d  t r e n c h  c o n d it io n )  a c c o r d in g  to  
th e  f ie ld  in s t a l la t io n  c o n d it io n s  d e ta ile d  b y  S p a n g le r  a n d  H a n d y  ( 1 9 8 2 ) .
F o r  th e  p o s it iv e  p r o je c t io n  c o n d it io n  ( w h ic h  o c c u r s  w h e n  th e  p ip e  is  
in s t a l le d  in  a  s h a l lo w  b e d d in g  w it h  it s  to p  p r o je c t in g  a b o v e  th e  n a t u r a l  
g r o u n d  s u r f a c e ,  a n d  th e  p ip e  is  t h e n  c o v e r e d  w it h  f i l l  m a t e r ia l) ,  th e  
m a jo r it y  o f  f ie ld  c a s e s  a r e  d iv id e d  f u r t h e r  in to  f o u r  s u b g r o u p s  ( S e e  
F i g u r e  2 .8 ) ; i.e .
( i)  c o m p le t e  p r o je c t io n  c o n d it io n : s m +  s g > s f +  d c a n d  H e > H
( ii)  in c o m p le t e  p r o je c t io n  c o n d it io n : s m +  s g > s f +  d c a n d  H e < H
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( i i i)  c o m p le t e  t r e n c h  c o n d it io n :
( iv )  in c o m p le t e  t r e n c h  c o n d it io n :
s m +  s g < Sf +  d c a n d  H e > H  
s m +  s g < Sf +  d c a n d  H e < H
T h e  t e r m s  o f  e a c h  c o n d it io n  a r e  d u e  to b o th  th e  r e la t iv e  m o v e m e n t
b e t w e e n  th e  in t e r io r  p r is m  ( w h ic h  is  a  p a r t  o f  e m b a n k m e n t  d ir e c t ly  o v e r  
th e  p ip e )  a n d  th e  e x t e r io r  p r is m s  ( w h ic h  a r e  tw o  m a s s e s  o f
e m b a n k m e n t  o n  e a c h  s id e  o f  th e  p ip e  a d ja c e n t  to th e  t a n g e n t  v e r t ic a l  
p la n e s )  a n d  th e  lo c a t io n  o f  p la n e  o f  e q u a l s e t t le m e n t  H e .
w h e r e ,
Sf : d is p la c e m e n t  o f th e  b o tto m  o f th e  p ip e  in to  it s
f o u n d a t io n
d c : d e c r e a s e  o f  v e r t ic a l  h e ig h t  o f th e  p ip e
s g : s e t t le m e n t  o f  th e  g r o u n d  s u r f a c e  in  th e  e x t e r io r
p r is m
s m : s e t t le m e n t  o f  th e  s o il  in  th e  p r o je c t io n  h e ig h t  p B c
p B c : v e r t ic a l ,  d is t a n c e  f r o m  th e  g r o u n d  to  th e  to p  o f
th e  p ip e  
p : p r o je c t io n  r a t io
B c : o u t s id e  d ia m e t e r  o f  th e  p ip e
T h e  t e r m  " c r it ic a l  p la n e "  is  d e f in e d  a s  th e  h o r iz o n t a l p la n e  t h r o u g h  th e  
to p  o f  p ip e  ( H  = 0 ) ,  a n d  " p la n e  o f  e q u a l s e tt le m e n t"  is  th e  h o r iz o n t a l  
p la n e  w h e r e  th e  f r ic t io n a l  r e s is t a n c e  i s  z e r o  a t  s o m e  h e ig h t  a b o v e  th e  
p ip e  (o r  w h e r e  th e  d if f e r e n t ia l  s e t t le m e n t  b e t w e e n  th e  in t e r io r  p r is m  a n d
th e  e x t e r io r  p r is m  a b o v e  th e  p ip e  b e c o m e s  t h e o r e t ic a lly  z e r o ). T h e
v e r t ic a l  s h e a r  p la n e , th e r e fo r e , f o r m s  b e t w e e n  th e  c r i t ic a l  p la n e  a n d  th e  
p la n e  o f  e q u a l s e t t le m e n t .
B y  a  p r o c e s s  s i m ila r  to th e  t r e n c h  c o n d it io n , th e  f o r m u la  b e c o m e s :
(2.11)
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A
F o r  th e  c o m p le t e  t r e n c h  o r  p r o je c t io n  c o n d it io n  ( H e > H ) , w h e r e  H e is  
im a g in a r y ,  th e  c o e f f ic ie n t  o f  lo a d  in  E q n  2 . 1 1  c o r r e s p o n d s  to:
±2K>(4L)
C c =  6 ± 2 K  y “  ( 2 , 1 2 ^
w h e r e  th e  p lu s  a n d  m in u s  s i g n s  a p p ly  to th e  c o m p le t e  p r o je c t io n  
c o n d it io n  a n d  th e  c o m p le t e  t r e n c h  c o n d it io n , r e s p e c t iv e ly .
F o r  th e  in c o m p le t e  t r e n c h  o r  p r o je c t io n  c o n d it io n  ( H e < H ) ,  th e  
c o e f f ic ie n t  o f  lo a d  in  E q n  2 . 1 1  is  t h e n  e x p r e s s e d  b y
e ±2K',( ^ ) _ 1  /  H  H e \ ± 2K , ( | f )
c ° =  m u  - +  ( 2 -1 3 )
w h e r e  th e  p lu s  s i g n s  a re  a p p lic a b le  to th e  in c o m p le t e  p r o je c t io n  
c o n d it io n  a n d  th e  m in u s  s i g n s  f o r  th e  in c o m p le t e  t r e n c h  c o n d it io n .
I n  o r d e r  to  d e te r m in e  th e  e a r t h  lo a d  in  E q n  2 . 1 1  it  is  n e c e s s a r y  to  
c l a s s if y  th e  in s t a l la t io n  c o n d it io n  in  a d v a n c e ,  in c lu d in g  th e  h e ig h t  o f  th e  
p la n e  o f  e q u a l s e t t le m e n t  H e . T h i s  'p la n e  w a s  f ir s t  id e n t if ie d  b y  
M a r s t o n  in  1 9 2 2 ,  w h o  th e n  w e n t  o n  to  d e r iv e  th e  f o r m u la  in  1 9 3 0  o n  
th e  b a s is  o f  th e  f o llo w in g  a s s u m p t io n s  ( S p a n g le r ,  1 9 5 0 ) :
(i) That the internal friction in the embankment materials 
distributes the infinitely small increments or decrements 
of pressure from shear into the interior prism  below the 
plane of equal settlem ent in such manner that the effect 
on settlem ent may be assumed to be substantially the 
same as for uniform vertical pressure.
(ii) That the internal friction in the embankment materials
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distributes the infinitely small decrements or increments 
of pressure from shear into the exterior prisms so
completely that their effect on settlem ent may be
neglected.
M a r s t o n  c o n s id e r e d  th e  s e t t le m e n t s  o f  th e  in t e r io r  p r is m  a n d  e x t e r io r  
m a s s e s  o f  s o i l  b e lo w  th e  p la n e  o f  e q u a l s e t t le m e n t  d u e  to  th e  f il l  
m a t e r ia l  p la c e d  a b o v e  th e  p la n e  o f  e q u a l s e t t le m e n t  o n ly  ( c a l le d  plane of 
equal additional settlement). L a t e r ,  h is  f o r m u la  w a s  s l ig h t ly  m o d if ie d  b y  
S p a n g le r ( 1 9 4 8 )  b a s e d  o n  th e  s e t t le m e n t s  o f th e  in t e r io r  p r is m  a n d  th e  
e x t e r io r  p r is m  b e lo w  th e  p la n e  o f  e q u a l s e t t le m e n t  d u e  to  th e  f u l l  h e ig h t  
o f th e  f i l l  m a t e r ia l  p la c e d  a b o v e  th e  to p  o f  th e  p ip e  ( c a lle d  th e  plane of 
equal total settlement). S p a n g le r 's  a lt e r n a t iv e  s o lu t io n  w o u ld  s e e m s  to 
b e  a  m o r e  lo g ic a l  a p p r o a c h  ( Y o u n g  a n d  T r o t t ,  1 9 8 4 ) . T h e  f o llo w in g  is  
th e  f o u n d a t io n  o f  th e  m o d if ic a t io n  ( S p a n g le r ,  1 9 5 0 ) :
(ii) That the internal friction in the embankment materials
distributes the infinitely small decrements or increments 
of pressure from shear into each of the exterior masses 
of soil, below the plane of equal settlement, in such a 
manner that the effect on settlement is substantially the 
same as though the pressure were distributed uniformly 
over the width equal to some ratio times the width of the 
conduit (named jB c).
T h e  m o d if ie d  f o r m u la  is :
1 . /' H H e2K/u ~\. B e B c
7 sd P  /r H H e
1  +  2j 1 B c
7 sd P
±2K p( H c/ B c)
l  +  2j
± 2 K /*( H e/ B c)
± 2 K  p 
1  H e
i -
"  2 
+  H
T L
B c
H P
2 K / /  B c B c B 7 s d P
H_
Br ( 2 .1 4 )
E q n  2 . 1 4  c o n c e r n s  th e  c o m p r e s s io n  o f e le m e n t s  o f th e  in t e r io r  p r is m  a n d  
e x t e r io r  p r is m  c o n s id e r in g  th e  m e a n  e la s t ic  m o d u lu s , a s s u m i n g  t h a t  th e
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w id t h  o f th e  e x t e r io r  p r is m  c a n  b e  t a k e n  a s  e q u a l to th e  in t e r io r  p r is m  
(j B c =  B c), w h ic h  i s  a n  e m p ir ic a l  v a lu e  b a s e d  o n  e x p e r im e n t s  b e c a u s e  
th e r e  is  n o  r a t io n a l  m e th o d  f o r  d e t e r m in in g  th e  v a lu e  o f  j .
In  E q n  2 .1 4 ,  th e  u p p e r  s i g n s  a r e  u s e d  fo r  th e  in c o m p le t e  p r o je c t io n  
c o n d it io n , a n d  th e  lo w e r  s i g n s  a p p ly  to th e  in c o m p le t e  t r e n c h  c o n d it io n ,  
a n d  th e  s e t t le m e n t  r a t io  ysd, is  g iv e n  b y :
^  _  ( s m+ s e) -  ( s , +  d c) (2  1 5 )
Sm
T h u s ,  in  th e  p o s it iv e  p r o je c t io n  c o n d it io n  th e  m a jo r  f a c t o r s  d e t e r m in in g  
th e  c o e f f ic ie n t  o f  lo a d  w il l  b e  th e  r a t io  o f  th e  s o il  c o v e r  a n d  th e  o u t s id e  
d ia m e t e r  o f  p ip e  H / B c , a n d  th e  p r o d u c t  o f  s e t t le m e n t  r a t io  a n d  th e  
p r o je c t io n  r a t io  ysdp . U n l ik e  th e  t r e n c h  c o n d it io n , t h is  s e t t le m e n t  r a t io  in  
th e  p o s it iv e  p r o je c t io n  c o n d it io n  c o n s id e r a b ly  a f f e c t s  th e  lo a d  o n  th e  
p ip e , b u t  it s  m a g n it u d e  c a n  n o t  b e  r e a d ily  d e te r m in e d  f o r  a  p a r t ic u la r  
in s t a l la t io n  c o n d it io n . S p a n g le r ( 1 9 5 0 )  th e r e fo r e  a d v is e d  t h a t  th e  
s e t t le m e n t  r a t io  c a n  b e  s t a n d a r d is e d  b y  th e  a c c u m u la t io n  o f  a  la r g e  
b o d y  o f  in f o r m a t io n . T a b l e  2 .2  p r o v id e s  d e s ig n  v a lu e s  o f  s e t t le m e n t  r a t io  
c o m p u t e d  o n  th e  b a s is  o f  th e  s e r ie s  o f  f ie ld  m e a s u r e m e n t s  o b t a in e d  
f r o m  s o m e  h ig h w a y  c u lv e r t s  in  Io w a .,  w h ic h  a re  u s u a l l y  r e f e r e n c e d  b y  
f ie ld  e n g in e e r s .
2.3.2 Supporting strength of rigid pipe installation
T h i s  s e c t io n  r e v ie w s  th e  t h e o r ie s  o f  th e  f ie ld  s u p p o r t in g  s t r e n g t h  b a s e d  
o n  b o th  S p a n g le r 's  c o n t r ib u t io n  in  1 9 3 3 ,  a n d  th e  w o r k in g  p a p e r s  o f th e  
p ip e  m a n u f a c t u r in g  in d u s t r y .  A  r i g i d  c ir c u la r  p ip e  is  u s u a l l y  in s t a l le d  o n  
b e d d in g  m a t e r ia l ,  f o r m in g  th e  f o u n d a t io n s  w h ic h  a f f e c t  th e  d e s ig n  a n d  
b e h a v io u r  o f  th e  p ip e  in  s e r v ic e .  In c r e a s in g  th e  c ir c u m f e r e n t ia l  c o n t a c t  
le n g t h  b e t w e e n  th e  b e d d in g  m a t e r ia l  a n d  th e  p ip e  r e s u lt s  in  a  lo w e r
p e a k  b e n d in g  m o m e n t  in  th e  p ip e  w a ll ;  e s p e c ia l ly  a t  th e  in v e r t  a r e a . I n  
th e  p e r f o r m a n c e  o f  th e  p ip e  m a n u f a c t u r in g  a n d  in s t a l la t io n ,  a n  e s s e n t ia l  
p r e r e q u is it e  is  th e r e fo r e  h o w  to e s t im a t e  th e  f ie ld  s u p p o r t in g  s t r e n g t h  
a n d  h o w  to a c h ie v e  th e  b e d d in g  s a t is f a c t o r i ly  to  m e e t  th e  s p e c if ic a t io n s  
s o  t h a t  t h e y  w o u ld  s a f e ly  a n d  e c o n o m ic a l ly  p e r fo r m  t h e ir  f u n c t io n . F o r  
t h is  r e a s o n , th e  in v e s t ig a t io n  w a s  c o m m e n c e d  b y  S p a n g le r  in  1 9 1 5  in  
o r d e r  to  d e f in e  th e  n a t u r a l  la w s  g o v e r n in g  t h e ir  s t r u c t u r a l  b e h a v io u r  
( u n d e r  th e  d ir e c t io n  o f  A n s o n  M a r s t o n  in  Io w a  E n g in e e r in g  E x p e r im e n t  
S t a t io n ) .  T h e  f ir s t  e x t e n s iv e  s c a le  e x p e r im e n t a l  w o r k  w a s  c o n d u c t e d  in  
1 9 2 4  ( p u b lis h e d  in it ia l ly  in  1 9 2 6 )  a n d  f u r t h e r  e x p e r im e n t s  in  1 9 3 0  a n d  
1 9 3 1 .  A s  a  r e s u lt ,  th e  m e t h o d s  o f  d e t e r m in in g  s u p p o r t in g  s t r e n g t h  o f  
a n y  b u r ie d  s t r u c t u r e ,  te r m e d  semi-empirical design method , w e r e  
s u g g e s t e d  b y  S p a n g le r  in  1 9 3 3 .  T h e  a im  o f h is  s t u d ie s  w a s  m a in ly  to  
d e v e lo p  th e  b e d d in g  f a c t o r  e x p r e s s e d  b y  B f =  W c/ P teb> w h ic h  is  th e  
r a t io  o f  th e  s u p p o r t in g  s t r e n g t h  to  th e  t h r e e -e d g e  b e a r in g  (te b )  s t r e n g t h  
o f  a n y  s i m i l a r  p ip e  in  th e  p la n t . T h i s  m e th o d  a p p lie s  to th e  r ig id  p ip e  
in s t a l la t io n  o n ly , t a k e s  a c c o u n t  o f  th e  s it e  c o n d it io n s , a n d  is  u s e d  th e  
m o s t  b y  f ie ld  e n g in e e r s .
O n  th e  o t h e r  h a n d , p u r e ly  t h e o r e t ic a l a n a ly s e s  f o r  c ir c u la r  u n d e r g r o u n d  
s t r u c t u r e s  ( c a lle d  stress analysis design method  h e r e )  p r o p o s e d  b y  
P a r i s ( 1 9 2 1 )  a n d  O la n d e r ( 1 9 5 0 )  a r e  a ls o  w id e ly  u s e d  b y  s o m e  p ip e  
m a n u f a c t u r in g  in d u s t r ie s .  O n e  d if f e r e n c e  b e t w e e n  th e  t w o  a p p r o a c h e s  is  
t h a t  P a r i s  a s s u m e d  th e  v e r t ic a l  a n d  h o r iz o n t a l  p r e s s u r e s  to  b e  o f  
u n if o r m  d is t r ib u t io n ,  w h ile  O la n d e r  id e a lis e d  th e  p r e s s u r e s  to  b e  a c t in g  
n o r m a l to th e  p ip e  s u r f a c e  a n d  v a r y i n g  a s  a  t r ig o n o m e t r ic  f u n c t io n .  
D e t e r m in in g  th e  b e d d in g  a n g le  s u p p o r t in g  th e  p ip e  is  a n  e s s e n t ia l  
p r e r e q u is it e  to th e  s t r e s s  a n a l y s is .  T h i s  is  a  m a jo r  d is a d v a n t a g e ,  
b e c a u s e  it  c a n  n o t  b e  r e a d ily  o b t a in e d  f r o m  e it h e r  a  g iv e n  f ie ld  
c o n d it io n  o r  p u b lis h e d  s t a n d a r d s .
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2 .3 .2 . 1  E l a s t i c  t h e o r y  ( S p a n g le r ,  1 9 3 3 )
T h e  e x t e r n a l  lo a d  c a r r y i n g  c a p a c it y  o f  th e  b u r ie d  p ip e  d e p e n d s  u p o n  th e  
s h a p e  a n d  in t e n s it y  o f  th e  s o il  r e a c t io n  a g a in s t  s o m e  a r e a  u n d e r  th e  
b o tto m  o f  th e  p ip e  c a u s e d  b y  th e  v e r t ic a l  d o w n w a r d  lo a d  o n  to p  o f  th e  
p ip e . T h i s  c a p a c it y  is  u s u a l l y  d e t e r m in e d  b y  p e r f o r m in g  th e  t h r e e -e d g e  
b e a r in g  t e s t  in  th e  la b o r a t o r y .
A  g e n e r a l  d e s c r ip t io n  o f  th e  t h r e e -e d g e  b e a r in g  t e s t  is  g iv e n  b y  s e v e r a l  
s t a n d a r d s ,  s u c h  a s  A S T M  C 4 9 7  a n d  B S  4 6 2 5 . F i g u r e  2 .9  i l lu s t r a t e s  th e  
e s s e n t ia l  f e a t u r e  o f  t h r e e -e d g e  b e a r in g  t e s t  a p p a r a t u s , t o g e t h e r  w it h  th e  
a p p lic a t io n  o f  a n  e x t e r n a l  l in e  lo a d in g  a t  th e  to p  a n d  b o t t o m  o f  th e  p ip e .  
A  v ie w  o f  th e  f ie ld  t e s t  is  p r o v id e d  in  F i g u r e  2 .1 0 .  A S T M  C 4 9 7  c a l ls  
f o r  r e c o r d in g  th e  0 .0 1  in c h  c r a c k  lo a d , w h ic h  is  th e  l im it in g  d e s ig n  lo a d  
u s e d  fo r  n o n -p r e s s u r e  a p p lic a t io n s  s u c h  a s  r e in f o r c e d  c o n c r e t e  s e w e r  o r  
c u lv e r t  p ip e . A W W A  C 3 0 1 - 8 4  A p p e n d ix  A  d e f in e s  th e  l im it in g  v a lu e  fo r  
e x t e r n a l  lo a d  W 0, w h ic h  fo r  a  p r e s t r e s s e d  c o n c r e t e  p r e s s u r e  p ip e  is  
d e f in e d  a s  b e in g  n in e  t e n t h s  o f  th e  t h r e e -e d g e  lo a d  p r o d u c in g  in c ip ie n t  
c r a c k in g  in  th e  c o r e , w h e r e  n o  in t e r n a l  p r e s s u r e  i s  c o n s id e r e d . T h i s  is  a  
m o r e  r e s t r ic t iv e  l im it  t h a n  th e  r e q u ir e m e n t  o f  A S T M  C 4 9 7 .
R e t u r n in g  to  th e  t h e o r y  o f  b e d d in g  f a c to r , S p a n g le r ( 1 9 3 3 )  n o t e d  t h a t  th e  
a p p lic a t io n  o f  th e  e la s t ic  t h e o r y  o f  f le x u r e  fo r  t h in  r i n g s  to f ie ld  
in s t a l la t io n s  w a s  im p r a c t ic a l  b e c a u s e  it  le d  to a n  in c o n s is t e n t  h y p o t h e s is  
o n  th e  s t r e s s  d is t r ib u t io n  in  th e  p ip e . F o r  t h is  r e a s o n , h e  c a r r ie d  o u t  
e x p e r im e n t a l  w o r k  a c c o m p a n y in g  a  t h e o r e t ic a l a p p r o a c h  to  e s t a b l is h  th e  
m e th o d  o f  d e t e r m in in g  th e  s u p p o r t in g  s t r e n g t h  o f  a  b u r ie d  p ip e . In  t h is  
r e s e a r c h ,  a lt h o u g h  th e  n o r m a l p r e s s u r e s  w e r e  o f  a  c o n t in u o u s ly  v a r y i n g  
in t e n s it y ,  th e  p r e s s u r e s  w e r e  m e a s u r e d  a t  1 6  p o in t s  e q u a lly  s p a c e d  
a r o u n d  th e  p e r ip h e r y  o f  th e  p ip e  fo r  th e  c o n s id e r a t io n  o f  s im p l ic it y .  
F i g u r e  2 . 1 1  i s  a  b a s ic  a s s u m p t io n  o f  r a d ia l  f o r c e s  a c t in g  o n  a  p ip e  fo r  
th e  d e t e r m in a t io n  o f  b e n d in g  m o m e n t . T h e  m o m e n t  a t  a n y  p o in t  o n  th e  
r in g  m a y  b e  o b t a in e d  f r o m  g e n e r a l  b e n d in g  t h e o r y  c o n s id e r in g  a  p o r t io n  
o f h a lf  c ir c le  a s  a  f r e e  b o d y  a s  s h o w n  in  F i g u r e  2 . 1 1 ( a ) .  F o r  e x a m p le ,
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to e s t im a t e  m o m e n t s  a b o u t  C  in  F i g u r e  2 . 1 1 ( b )  th e  fre e  b o d y  m u s t  b e  
in  a n  e q u i l ib r iu m  s t a t e  b y . th e  s u m m a t io n  o f  th e  .m o m e n t  g e n e r a t e d  b y  
th e  e x t e r n a l  f o r c e s  a t  C .  S in c e  th e  e q u a t io n  d e r iv e d  f r o m  th e  b e n d in g  
t h e o r y  c o n t a in s  a n  u n k n o w n  v a lu e  o f  T b, th e  d is p la c e m e n t  t h e o r y  o f  
a r c h e s  m u s t  b e  e m p lo y e d . F r o m  t h is  e q u a t io n , th e  v a lu e  o f  T b is  g iv e n  
b y
T b =  0 . 3 3 5 P 8 +  0 .5 3 0 P 7 +  0 . 5 7 7 P 6 +  0 .5 0 0 P 5
(2.16)
+  0 .3 4 6 P 4 +  0 . 1 7 7 P 3 +  0 .0 4 8 P 2
F i n a l ly ,  th e  s o lu t io n  o f  th e  b e n d in g  m o m e n t  a t  th e  b o t t o m  o f  th e  p ip e  
b e c o m e s :
M b =  r  ( 0 .3 1 8  P 9 +  0 .2 7 7  P 8 +  0 .0 1 3  P 7 — 0 . 1 3 7 P 6
( 2 .1 7 )
— 0 . 1 8 2 P 5 — 0 . 1 5 0 P 4 — 0 .0 8 4 P 3 — 0 .0 2 4 P 2)
E v e n  s o , a n  e r r o r  e x is t s  in  E q n  2 . 1 7  d u e  to th e  a s s u m p t io n  o f th e
c o n c e n t r a t e d  lo a d s  e q u a lly  s p a c e d  a t  1 6  p o in t s ,  w h ic h  in d ic a t e s
M b == 0 .0 3 1  P r  a n d  n o t  z e r o . I n  o r d e r  to r e d u c e  t h is  e r r o r  to b e  th e
s a m e  a s  t h a t  f o r  th e  lo a d s  a t  3 2  p o in t s ,  th e  in d iv id u a l  v a lu e  in  E q n  2 . 1 7
w a s  c o r r e c t e d  a s  f o llo w s :
M b -  r  ( 0 .3 1 8  P 9 +  0 .2 6 0  P 8 +  0 . 0 1 2 P 7 — 0 . 1 5 0 P 6
(2.18)
— 0 . 1 8 2 P 5 — O . I5O P 4 —0 .0 8 6 P 3 — 0 .0 2 2 P 2)
A s  a  r e s u lt ,  th e  m o m e n t  w it h  e q u a l p r e s s u r e s  a p p r o a c h e s  0 .0 0 3 P r ,  
in d ic a t in g  t h a t  t h is  e r r o r  is  n e g l ig ib le .  I t  s h o u ld  b e  n o t e d  t h a t  th e  
s e l f - w e i g h t  o f  th e  p ip e  w a s  n o t  t a k e n  in to  a c c o u n t  t h r o u g h o u t  th e  
a b o v e  d is c u s s io n .
-  27 -
2.3.2.2 Determination of bedding factor
F u r t h e r  to th e  e la s t ic  t h e o r y  fo r  a  c ir c u l a r  r ig id  p ip e , S p a n g le r  a tte m p te d  
to m e a s u r e  th e  d is t r ib u t io n  o f  r a d ia l  p r e s s u r e s  o n  a  b u r ie d  c o n c r e t e  p ip e  
o f 3 6  in c h e s  in t e r n a l  d ia m e t e r  a n d  4 - i n c h  w a ll  t h ic k n e s s  in  th e  f ie ld .  
T h e  h e ig h t  o f f i l l  w a s  g r a d u a lly  in c r e a s e d  u n t il  a  c r a c k  a p p e a r e d  in  th e  
p ip e  w a ll
T h e  m e a s u r e d  r a d ia l  p r e s s u r e s  a t  a  f i l l  o f h e ig h t  o f  8 f t  (w h e r e  th e  
c r a c k  f ir s t  a p p e a r e d )  w e r e  n o t  s y m m e t r ic a l  a b o u t  a  v e r t ic a l  a x is ,  
t h e r e fo r e  t h e y  w e r e  a d ju s t e d  b y  a v e r a g in g  th e  m e a s u r e d  p r e s s u r e s  o n  
c o r r e s p o n d in g  s e g m e n t s  o f  e a c h  h a lf  o f  th e  p ip e  f o r  c o n v e n ie n c e .  F i g u r e  
2 . 1 2  e x h ib it s  th e  m e a s u r e d  a n d  s y m m e t r is e d  p r e s s u r e  d is t r ib u t io n s ,  a n d  
th e  r e le v a n t  d a t a  a r e  p r o v id e d  in  T a b l e  2 .3 . F r o m  t h is  d ia g r a m ,  
r e p la c in g  th e  v a lu e s  o f  s y m m e t r is e d  p r e s s u r e s ,  P i tP 2)P 3, e te *> i n  E q n  
2 .1 6  a n d  E q n  2 .1 8 ,  th e  t h r u s t  a n d  th e  b e n d in g  m o m e n t  a t  th e  b o tto m  o f  
th e  p ip e  w e r e  R b — 0 .2 2 1  W c a n d  M b — 0 . 1 5 3 r W c , r e s p e c t iv e ly ,  w h e r e  W c 
is  th e  to ta l v e r t ic a l  lo a d  o n  th e  p ip e .
B y  s e t t in g  a l l  v a lu e s  o f  P  ( e x c e p t  P 9) e q u a l to z e r o  in  E q n  2 .1 8 ,  th e  
b e n d in g  m o m e n t  c o r r e s p o n d in g  to th e  t h r e e -e d g e  b e a r in g  t e s t  w il l  b e :
T h e  u lt im a t e  f ib r e  s t r e s s  p r o d u c e d  b y  th e  t h r e e -e d g e  b e a r in g  t e s t  c a n  
th e r e fo r e  b e  w r it t e n  a s
M teb =  0 . 3 1 8 r P teb ( 2 .1 9 )
1 . 4 3 1 r P teb
t 2
(2.20)
w h e r e  th e  v a lu e  o f 0 .7 5  is  a  c o r r e c t io n , c o n s id e r in g  th e  s t r e s s  m a y  g o  
b e y o n d  t h e  e la s t ic  l im it  in  s o m e  c a s e s ,  a n d  th e  m a t e r ia ls  m a y  h a v e  
u n e q u a l e la s t ic  p r o p e r t ie s  in  t e n s io n  a n d  c o m p r e s s io n . I n  a  s i m ila r  w a y ,
th e  b e n d in g  s t r e s s  o f  th e  p ip e  in  th e  f ie ld  ( w h ic h  is  u s u a l l y  g o v e r n e d  
b y  t e n s io n  s t r e s s  in c u r r e d  a t  th e  in v e r t  a r e a  in  c a s e  o f  a  r i g i d  p ip e )  is  
th e r e fo r e  c o m b in e d  w it h  th e  s t r e s s  d u e  to th e  t h r u s t ,  t h u s  g iv in g :
0 . 7 5 M by  R b 0 .6 8 9 r W c 0 . 2 2 1 W c / n n , N
t c -  j  -  t “  t 2 t
P u t t in g  f  teb =  f  c » a n d  s in c e  B f =  W c / P teb
T> __ ______1  .4 3 1 r _____  /C) nn\
0 .6 8 9 r — 0 .2 2 1 t
S u b s t it u t in g  r  — 20 in c h e s  a n d  t =  4 in c h e s ,  th e  b e d d in g  f a c t o r  b e c o m e s  
2 .2 2 . T h i s  t h e o r e t ic a l  b e d d in g  f a c t o r  c o u ld  b e  c o m p a r e d  d ir e c t ly  w it h  th e  
e x p e r im e n t a l  b e d d in g  f a c t o r  o f  2 .0 6  o b t a in e d  f r o m  a n  a v e r a g e  o f  e ig h t  
t e s t s  w it h  s i m i l a r  p ip e s  ( R e f e r  to T a b l e  1 2  o f  S p a n g le r ,  1 9 3 3 )  w h e r e  a  
g r o u p  o f  f o u r  p ip e s  w a s ~  u s e d  to  d e te r m in e  th e  f ir s t  c r a c k in g  lo a d s  in  
th e  f ie ld  a n d  th e  o t h e r  g r o u p  f o r  t h r e e -e d g e  b e a r in g  lo a d  a t  f ir s t  c r a c k .  
T h e  r e s u lt s  a r e  r e a s o n a b le  in  c o n s id e r a t io n  o f  th e  v a r ia t io n s  in  th e  f ie ld .
2 .3 .2 .3  G e n e r a l  e x p r e s s io n  f o r  b e d d in g  f a c t o r
S in c e  E q n  2 .2 2  is  r e s t r ic t e d  to a  p a r t ic u la r  p ip e , a  g e n e r a l  e x p r e s s io n  fo r  
th e  b e d d in g  f a c t o r  -  a  t r a d it io n a l  s y s t e m  o f  " e q u iv a le n t  u n if o r m ly  
d is t r ib u t e d  lo a d s  o n  th e  to p , b o tto m  a n d  t w o  s id e s  o f th e  p ip e "  -  w a s  
th e r e fo r e  c o n c e iv e d  b y  S p a n g le r ( 1 9 3 3 ) .  F i g u r e  2 .1 4  i l lu s t r a t e s  a  u n if o r m  
lo a d in g  s y s t e m ,  c o m p r is in g  v e r t ic a l  a n d  h o r iz o n t a l  p r e s s u r e s ,  
c o r r e s p o n d in g  to th e  f ie ld  in s t a l la t io n s  o f p ip e  s h o w n  in  F i g u r e  2 . 1 3  
w h ic h  h a s  b e e n  e m p lo y e d  b y  m o s t  e n g in e e r s  to d a te .
F i g u r e  2 .1 4 ( b )  d e t a ils  th e  c o n v e n t io n a l  u n if o r m ly  d is t r ib u t e d  lo a d in g  
s y s t e m  fo r  th e  o r d in a r y  b e d d in g  c o n d it io n , c o n s is t in g  o f th e  v e r t ic a l  lo a d  
a b o v e  th e  h o r iz o n t a l  m id p o in t  o f  th e  p ip e  ( 1 8 0  d e g r e e s ) ;  th e  v e r t ic a l
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r e a c t io n  to  th e  b o tto m  o f th e  p ip e  (6 0  d e g r e e s ) ;  a n d  th e  la t e r a l  p r e s s u r e  
o v e r  th e  p r o je c t e d  p o r t io n  o f  th e  p ip e  a b o v e  th e  n a t u r a l  g r o u n d  ( m B c). 
E m p lo y i n g  a  s i m ila r  a p p r o a c h  to  th e  r a d ia l  lo a d  c a s e ,  th e  g e n e r a l  
e x p r e s s io n  o f  th e  b e d d in g  f a c t o r  fo r  a  p o s it iv e  p r o je c t in g  c ir c u l a r  p ip e  
w a s  f in a l ly  d e r iv e d  a s  th e  f o llo w in g  ( S p a n g le r  a n d  H a n d y  1 9 8 2 ) :
w h e r e ,
N  a  p a r a m e t e r  r e la t e d  to th e  d is t r ib u t io n  o f  th e
v e r t ic a l  r e a c t io n
x  =  a  p a r a m e t e r  r e la t e d  to th e  a r e a  o f  th e  v e r t ic a l
p r o je c t io n  o f  th e  p ip e  o n  w h ic h  a c t iv e  la t e r a l
p r e s s u r e  o f  th e  f i l l  m a t e r ia l  a c t s  
m -  th e  r a t io  o f th e  v e r t ic a l  p r o je c t io n  a b o v e  th e
s u b g r a d e  to th e  v e r t ic a l  d im e n s io n  o f  th e  p ip e  (fo r  
a  c ir c u l a r  p ip e , m  =  p )  
p = th e  p r o je c t io n  r a t io
q =  r a t io  o f th e  t o ta l la t e r a l  p r e s s u r e  to  th e  to ta l
v e r t ic a l  lo a d  
« K  /  H  . m
C , ( t  + f)
K  =  R a n k in e ' s  la t e r a l  e a r t h  p r e s s u r e  c o e f f ic ie n t
C c =  lo a d  c o e f f ic ie n t  f o r  e m b a n k m e n t  c o n d it io n
H  =  h e ig h t  o f th e  f i l l  a b o v e  to p  o f  p ip e
B c =  h o r iz o n t a l  o u t s id e  w id t h  o f  p ip e
T h i s  e q u a t io n  is  o n ly  a p p lic a b le  to  a  p ip e  in s t a l la t io n  w h e r e  th e  f ir s t  
c r a c k  o c c u r s  o n  th e  in n e r  s u r f a c e  a t  th e  b o tto m  o f  th e  p ip e . I n  c o n t r a s t ,  
w h e n  th e  m a x im u m  o u t e r  f ib r e  s t r e s s  o c c u r s  a t  th e  to p  ( in  th e  c a s e  o f  
a  c o n c r e t e  c r a d le  p a r t ic u la r ly )  th e  v a lu e s  o f x '  s h a l l  b e  s u b s t it u t e d  f o r  
x  o f  E q n  2 .2 3 . T h e s e  p a r a m e t e r s  a r e  p r o v id e d  in  T a b l e  2 .4  f o r  a
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c ir c u la r  p ip e  a n d  T a b l e  2 .5  f o r  a n  e ll ip t ic a l  p ip e , w h e r e  a  c o n s t a n t  
c o r r e s p o n d in g  to th e  s h a p e  o f  th e  p ip e  o f  1 . 4 3 1  s h a l l  b e  s u b s t it u t e d  b y  
1 . 3 3 7  f o r  h o r iz o n t a l  e l l ip t ic a l,  a n d  1 . 0 2 1  fo r  v e r t ic a l  e l l ip t ic a l.  T h e  
w o r k in g  v a lu e s  o f  th e  b e d d in g  f a c t o r  fo r  c ir c u la r  p ip e  w e r e  a ls o  
p r o v id e d  b y  th e  g r a p h ic a l  r e p r e s e n t a t io n  a s  a  f u n c t io n  o f  th e  v a lu e  o f  
H / B c a n d  th e  s e t t le m e n t  r a t io  ysd , b a s e d  o n  th e  e x p e r im e n t s  in  
S p a n g le r 's  p a p e r. L a t e r ,  it  w a s  e x p a n d e d  to a c c o m m o d a t e  th e  d if f e r e n t  
s h a p e  o f  p ip e , s u c h  a s  v e r t ic a l  a n d  h o r iz o n t a l  e l l ip t ic a l  p ip e s  o r  p r e c a s t  
c o n c r e t e  b o x  c u lv e r t s  w it h  v a r io u s  in s t a l la t io n  c o n d it io n s .
2.4 D iscu ssion
A s  h a s  b e e n  r e v ie w e d , d u e  to  th e  h ig h  d e g r e e  o f in t e r a c t io n  b e t w e e n  
s o il  a n d  r ig id  p ip e , m a n y  c o m p le x it ie s  a n d  u n c e r t a in t ie s  s t i l l  r e m a in  in  
c u r r e n t  p r a c t ic e . I t  m ig h t  b e  t h a t  t h e ir  w o r k  ( M a r s t o n - S p a n g l e r  t h e o r y )  
c o n t r ib u t e d  g r e a t ly  to th e  p ip e lin e  e n g in e e r in g  a n d  c o n s t r u c t io n ,  b u t  
s e v e r a l  c r i t i c a l  f a c t o r s  w e r e  e it h e r  ig n o r e d  o r  e q u a lis e d  f o r  s im p l ic it y .
T h e s e  in c lu d e  r e la t iv e  s t if f n e s s  o f  th e  b u r ie d  p ip e  a n d  th e  s u r r o u n d in g  
s o il,  th e  e f fe c t  o f  c o m p a c t io n  le a d in g  to a  c h a n g e  in  la t e r a l  p r e s s u r e  
r a t io , th e  c o m p r e s s ib i l i t y  c h a r a c t e r is t ic s  o f th e  f i l l  m a t e r ia ls ,  th e
c o n f ig u r a t io n  o f  th e  t r e n c h , e tc .. T h i s  s e c t io n  w il l  c o n t in u e  th e  
d is c u s s i o n  o n  th e  m o s t  im p o r t a n t  f a c t o r s  in  s o i l - p i p e  in t e r a c t io n
p r o b le m s . S e v e r a l  l im it a t io n s  a re  s u m m a r is e d  in  th e  f o llo w in g .
♦  A  h ig h e r  s t if f n e s s  o f  b a c k f i l l  f o llo w e d  b y  c o m p a c t io n  r e s u lt s  in  a
h ig h e r  r a t io  o f r e la t iv e  s t if f n e s s .  T h e  s t if f n e s s  o f  s o i l  i s  m a in ly
r e la t e d  to t y p e  o f  s o i l . a n d  d e g r e e  o f  c o m p a c t io n . T h e  v a r ia t io n  
i s  e x t r e m e ly  la r g e . U n l ik e  th e  a s s u m p t io n  o f  M a r s t o n - S p a n g l e r
t h e o r y , a  c e r t a in  p a r t  o f  th e  lo a d  m u s t  b e  c a r r ie d  b y  th e  s id e  
b a c k f il l ,  ir r e s p e c t iv e  o f  in s t a l la t io n  c o n d it io n s .
-  31 -
F r o m  t y p ic a l  r a n g e s  o f s y s t e m  b e h a v io u r  f o r  d if f e r e n t  p ip e  m a t e r ia ls  ( a s  
a  f u n c t io n  o f  th e  r e la t iv e  s t if f n e s s  o f  th e  p ip e  a n d  th e  s u r r o u n d in g  s o i l)
G u m b le ( 1 9 8 3 )  c la im e d  t h a t  w h e n  a  v a lu e  o f  Y  is  le s s  t h a n  1 0 , m o r e
t h a n  9 0 %  o f  th e  b a c k f i l l  lo a d  w i l l  b e  s u p p o r t e d  b y  th e  r in g  b e n d in g  
a c t io n  o f  th e  p ip e ; w h e n  Y  in c r e a s e s  to  a  .r a n g e  o f  1 0  to 10 0 0 , a  p a r t  o f  
th e  lo a d  s u p p o r t e d  b y  th e  p ip e  r e d u c e s  fr o m  9 0 %  to 1 0 % ;  a n d  w h e n  Y  
is  g r e a t e r  t h a n  10 0 0 , m o r e  t h a n  9 0 %  o f  th e  lo a d  w il l  b e  c a r r ie d  b y  th e  
s u r r o u n d in g  s o i ls .  T h e  g e n e r a l  e x p r e s s io n  o f  th e  r e la t iv e  s t if f n e s s  Y ,  is  
g iv e n  b y  th e  r a t io  o f  th e  p la n e  s t r a in  e la s t ic  m o d u lu s  o f  th e  s o il  to  th e  
f le x u r a l  s t if f n e s s  o f  a  c ir c u la r  p ip e .
♦  I n  m o r e  d e ta il,  th e  p e r f o r m a n c e  o f  b e d d in g  h ig h ly  d e p e n d s  o n  th e  
c o n d it io n  o f  th e  c o n t a c t  a r e a  u n d e r  th e  b o tto m  o f th e  p ip e . T h e  
d if f e r e n t  s t if f n e s s  o f  e v e r y  s e c t io n  a lo n g  th e  c o n t a c t  a r e a  c a u s e s  
a  v a r ia t io n  o f  b e n d in g  m o m e n t  in  th e  p ip e  w a ll .  T h i s  n a t u r e  c a n  
n o t  b e  id e n t if ie d  w it h  c u r r e n t  s t a n d a r d  p r a c t ic e .
A lt h o u g h  th e  w o r k s  in  th e  f ie ld  s a t i s f y  th e  r e q u ir e m e n t s  f o r  a  g iv e n
b e d d in g  c o n d it io n , it s  p e r f o r m a n c e  w il l  n o t  b e  id e n t ic a l  a c c o r d in g  to  th e  
d if f e r e n t  c o n s t r u c t io n  s e q u e n c e  o r  c o n s t r u c t io n  m e th o d .
♦  T h e  c u r r e n t  d e s ig n  p h ilo s o p h y  d o e s  n o t  t a k e  a c c o u n t  o f  th e  
c h a r a c t e r is t ic s  o f  th e  p ip e . F o r  in s t a n c e ,  th e  r i g i d i t y  o f  th e  
s t r u c t u r e  v a r ie s  w it h  s e v e r a l  f a c t o r s  s u c h  a s  th e  p ip e  s iz e , th e  
w a l l  t h ic k n e s s ,  th e  c o n s t it u e n t  m a t e r ia ls ,  e tc ..
T h e  r ig i d i t y  o f  th e  p ip e  w a l l  g r e a t ly  in f lu e n c e s  th e  m a g n it u d e  o f  th e  
b e n d in g  m o m e n t  o r  f le x u r a l  b e n d in g  s t r e s s e s ,  s in c e  th e  d e f o r m a t io n  o f  
th e  p ip e  is  c o n t r o lle d  b y  b o th  it s  r ig i d i t y  a n d  th e  s t if f n e s s  o f  th e  
s u r r o u n d in g  s o ils .
♦  M o r e o v e r ,  th e  p r e s t r e s s in g  w ir e s  w h ic h  a r e  h e l ic a l ly  w r a p p e d  
o n to  th e  p ip e  w a l l  r e s u lt s  in  a  d if f e r e n t  b e h a v io u r  o f  th e  p ip e ,
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c o m p a r e d  w it h  th e  n o n -p r e s t r e s s e d  r ig id  p ip e . C a n  th e  s a m e  
e a r t h  p r e s s u r e s  b e  a p p lie d  a r o u n d  th e  p ip e , r e g a r d le s s  o f  th e  
e x is t e n c e  o f  th e  p r e s t r e s s in g  e f f e c t ?
I n  r e a l it y ,  th e  g o v e r n in g  f a c t o r  o f  d e s ig n  is  th e  m a g n it u d e  o f  m a x im u m  
b e n d in g  s t r e s s  in  th e  p ip e  w a ll ,  r a t h e r  t h a n  th e  in t e n s it y  o f  r a d ia l  e a r th  
p r e s s u r e s .  N o t  o n ly  is  it  n e a r ly  im p o s s ib le  to a n t ic ip a t e  th e  in d u c e d  
b e n d in g  s t r e s s  w it h  th e  c u r r e n t  d e s ig n  p r a c t ic e , b u t , e v e n  if  th e  in d u c e d  
b e n d in g  s t r e s s  is  c a lc u la t e d  t h r o u g h  a  c o m p lic a t e d  p r o c e s s ,  i t  is  a lm o s t  
c e r t a in  t h a t  th e r e  w il l  b e  a n  e r ro r . T h e r e f o r e ,  u n d e r  t h e s e  c ir c u m s t a n c e s ,  
n o  a n a ly t ic a l  m e th o d s  to f o r e c a s t  th e  r e a l  b e h a v io u r  o f  th e  b u r ie d  p ip e  
e x is t .  H o w e v e r ,  a s  a n  a lt e r n a t iv e  a p p r o a c h , th e  f in it e  e le m e n t  m e th o d  f o r  
s o i l - s t r u c t u r e  in t e r a c t io n  p r o b le m s  h a s  p o t e n t ia l to t a k e  in to  a c c o u n t  
a ll  th e  a b o v e  f a c t o r s  w it h  in t e ll ig e n t  s im p lif ic a t io n s  o f  r e a l it y  ( G u n n  
e t a l., 1 9 9 3 ) .  T h i s  w il l  b e  c o n s id e r e d  in  s u b s e q u e n t  c h a p t e r s .
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Table 2.1 Parameters for Terzaghi's experiments on a yielding trap-door 
(Terzaghi, 1936)
Material
Type
Total vertical load 
Computed
on the yielding strip 
Measured
Settlement ratio ( 8/ Bt)
(N)
Minimum
(N)
Maximum
(N)
Minimum
(%)
Maximum
<%)
Dense sand 22.85 10.40 21.97 0.7 ^ 1 1
Loose sand 37.46 16.48 35.50 2.0 ~  8
Table 2.2 Design values of settlement ratio (Spangler and Handy, 1982)
Conditions Settlement Ratio
Rigid culvert on foundation of rock or unyielding soil +1.0
Rigid culvert on foundation of ordinary soil +0.5-+0.8
Rigid culvert on foundation of material that yields with respect to 
adjacent natural ground
0-+0.5
Flexible culvert with poorly compacted side fills -0 .4-0
Flexible culvert with well-compacted side fills -0.2-+0.2
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Table 2.3 Distribution of pressure around the periphery of a 36-inch 
concrete pipe under an embankment (Spangler, 1933)
Location from top 
of pipe (equally spaced)
Measured pressure 
(kPa)
Symmetrised pressure 
(kPa)
1 50.036 50.036
2 81.556 54.823
3 36.070 31.282
4 31.840 21.386
5 22.424 19.950
6 14.444 16.279
7 0 1.915
8 68.389 77.246
9 ' 112.199 112.199
10 86.104 77.246
11 3.83 1.915
12 18.194 16.279
13 17.476 19.950
14 11.012 21.386
15 26.573 31.282
16 28.090 54.823
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Table 2.4 Parameters for bedding factor: Circular pipe (Spangler and 
Handy, 1982)
P — m X x ' Type of bedding N
0.3 0.217 0.743 Class D 1.310
0.5 0.423 0.856 Class C 0.840
0.7 0.594 0.811 Class B 0.707
0.9 0.655 0.678 Class A 0.505
1.0 0.638 0.638
Table 2.5 Parameters for bedding factor: Elliptical pipe (ACPA, 1988)
Type of pipe Type of bedding N  m  X
Horizontal Class C 0.763 0.3 0.146
0.5 0.268
Class B 0.630 0.7 0.369
0.9 0.421
Vertical Class C 0.615 0.3 0.238
0.5 0.457
Class B 0.516 0.7 0.639
0.9 0.718
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Figure 2.1 Arching above yielding trap door in compacted state 
(Terzagh, 1936)
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(a) Active mode (Terzaghi, 1943)
solid base a D
(b) Passive mode (Balia, 1961)
Figure 2.2 Failure mechanism of yielding strip
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(at)
Figure 2.3 Janssen’s arching analysis 
(after Bulson, 1985)
Surface of soil mass 11
d
Rigid base
Figure 2.4 Boundary conditions for soil mass 
with yielding strip (Finn, 1963)
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Figure 2.5 Vertical pressure distribution on yielding strip 
(Finn, 1963)
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(a) WEDGE-SHAPED (b) ARCHED (c) COLUMNAR
Figure 2.6 Three theories of loads (After Spindler, 1955)
Projection
Figure 2.7 Classification of installation conditions
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Plane o f equal se ttlem e n t
(a) Complete projection condition
Top o f em bankm ent
m v m / m r
Plane o f equal se ttlem e n t
C ritica l p lane 
S m + S t
//AW /A WAV
N atura l ground
(b) incomplete projection condition
Plane o f equal se ttlem en t
(c) Complete trench condition
Top o f em bankm ent
(d) Incomplete trench condition
Figure 2.8 Settlements that influence loads on embankment pipe (After Spangler, 1950)
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P(teb)
hardwood plank
hardwood plank
Figure 2.9 Three-edge bearing test mechanism (ACPA, 1990)
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Figure 2.10 View of full scale three-edge bearing test 
for 4000mm diameter prestressed concrete 
cylinder pipe at Sarir pipe manufacturing 
plant in Libya
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1/2 P9
(a) (b)
Figure 2.11 Diagram of radial forces acting on a circular pipe (Spangler, 1933)
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Figure 2.12 Radial earth pressure on concrete pipe as measured 
by pressure ribbons; ID = 36 inches, tw = 4 inches, 
EC = 8 feet (Spangler, 1933)
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Figure 2.13 Four types of projection bedding for circular pipe 
(Spangler, 1933 and ACPA, 1990)
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V = Wc / 2r V = Wc / 2r
(a) Impermissible bedding 
V = Wc / 2r
(b) Ordinary bedding
Note:
W c  = total earth load on top of pipe 
Bc = outside diameter of pipe
m  = ratio of projected part of pipe
where lateral pressure is 
effectively induced 
q = ratio of total lateral pressure 
to total vertical load 
a = angle to distinguish location 
of natural ground 
r = mean radious of pipe
t = pipe wall thickness
(c) First class bedding
Figure 2.14 Equivalent uniformly distributed earth pressures 
(Spangler, 1933)
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CHAPTER 3 -  AN INTRODUCTION TO CRISP AND SOME 
INTERPRETATION TECHNIQUES
3.1 Introduction
I n  19 4 6 , th e  in n o v a t io n  o f th e  h ig h  sp e e d  d ig it a l c o m p u te r c o n tr ib u te d  to 
th e  d e v e lo p m e n t o f th e  f in ite  e le m e n t m e th o d  w h ic h  s t e m s  fro m  m a t r ix  
m e th o d s o f  s t r u c t u r a l a n a ly s is .  T u r m e r  e t al. ( 19 5 6 )  w e re  th e  f ir s t  to  
p r e s e n t  th e  b a s is  o f th e  f in ite  e le m e n t m e th o d  fo r  a  c o n t in u u m  s tru c tu re , to  
c o m p u te  th e  s t r e s s e s  a n d  d is p la c e m e n ts  o f th e  a e ro p la n e  w in g s . S in c e  th e n , 
in c r e a s in g  a c c e s s ib ilit ie s  a n d  c o m p u ta t io n a l p o w e r s  h a v e  s t im u la t e d  th e  
d e v e lo p m e n t o f th e  f in ite  e le m e n t m e th o d  th ro u g h o u t a ll  e n g in e e r in g  
d is c ip lin e s . T h e  f in ite  e le m e n t m e th o d  in  g e o te c h n ic a l e n g in e e r in g  is  
fu n d a m e n ta lly  th e  s a m e  a s  in  o th e r f ie ld s . T h e  g e n e r a l d e s c r ip t io n  o f  f in ite  
e le m e n t m e th o d  w ill  n o t h e n c e  b e  d e ta ile d  in  t h is  ch a p te r.
T h e  C R I S P  p r o g r a m  is  b r ie f ly  in tr o d u c e d  in  th e  f o llo w in g  s e c tio n , in c lu d in g  
th e  h is t o r ic a l d e v e lo p m e n t, p r o g r a m  s tru c tu re , p r o g r a m  lim ita t io n s , etc.. T h e  
a v a ila b le  c o n s t it u t iv e  so il m o d e ls  w it h in  th e  c u r r e n t  C R I S P  p r o g r a m  a re  
a ls o  r e v ie w e d . S o m e  in te rp re ta tio n  te c h n iq u e s  fo r th e  s m o o th in g  o f  
d is c o n t in u o u s  f in ite  e le m e n t f u n c t io n s  u s in g  a  le a s t  s q u a r e s  m e th o d  w ill  
a ls o  b e  r e v ie w e d  a n d  d is c u s s e d  in  t h is  ch a p te r, u s in g  e x a m p le s  e x tr a c te d  
fro m  f in ite  e le m e n t a n a ly s e s  c o n d u c te d  b y  th e  w rite r . T h e  p r o c e d u re s  fo r  
th e  d e te r m in a tio n  o f r a d ia l e a rth  p r e s s u r e s , f le x u r a l s t r e s s e s  a n d  b e n d in g  
m o m e n ts  fr o m  th e  o u tp u t of th e  p r o g r a m  a re  e x p la in e d  in  d e ta il in  th e  e n d  
o f th is  c h a p te r. T h e  s im u la t io n  o f c o m p a c t io n  e ffe cts  in  th e  C R I S P  p ro g ra m ,  
to g e th e r w it h  th e  s p e c ia l in te rfa c e  e le m e n ts, a re  c o n s id e r e d  a t  th e  e n d  of  
t h is  c h a p te r  a lso .
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3.2 Basic Principles
3.2.1 Historical development of CRISP program
T h e  p u r p o s e  w r itte n  g e o te c h n ic a l f in ite  e le m e n t p a c k a g e  C R I S P  (C R I t ic a l  
S t a t e  s o il  m e c h a n ic s  P r o g r a m )  w a s  d e v e lo p e d  a t C a m b r id g e  U n iv e r s it y ,  
w h ic h  is  n o w  in c o rp o ra te d  a lo n g  w it h  sta te  o f th e  a rt  in te r fa c e s  in to  th e  
S A G E  C R I S P  p a c k a g e . T h e  f ir s t  v e r s io n  o f th e  c o m p u te r p r o g r a m  w a s  
in it ia te d  b y  S im p s o n  in  1 9 7 3 , a n d  T h o m p s o n  a n d  Z y t y n s k i  in  19 7 6 , th e n  a  
c o n s id e r a b le  n u m b e r  of e n h a n c e m e n ts  a n d  m o d if ic a t io n s  to th e  p r o g r a m  
w e re  m a d e  b y  G u n n  ( s in c e  1 9 7 7 )  a n d  B r itto  (s in c e  19 8 0 ). S in c e  it  w a s  
o ffe re d  to th e  p u b lic  d o m a in  in  19 8 2 , th e  f ir s t  P C - b a s e d  v e r s io n  w a s  
r e le a s e d  in  19 9 0 . F o llo w in g  C R I S P 9 0 ,  v e r s io n s  w e re  r e le a s e d  in  19 9 2 , 19 9 3  
a n d  19 9 4  a c c o r d in g  to th e  d e v e lo p m e n t o f th e  g r a p h ic a l in te rfa c e . T h e  
a n a ly s is  e n g in e  is  n o w  o w n e d  b y  T h e  C R I S P  C o n s o r t iu m , w h o  f u n d  its  
o n g o in g  d e v e lo p m e n t. C r i t ic a l  s ta te  s o il m e c h a n ic s  ( C S S M )  p r o v id e s  a  
co m p le te  th e o re tic a l f r a m e w o r k  fo r  d e s c r ib in g  th e  m e c h a n ic a l b e h a v io u r  o f  
s o il. F in it e  e le m e n t te c h n iq u e s  a llo w  C S S M  th e o rie s  to b e  a p p lie d  to  
p r e d ic t in g  g r o u n d  m o v e m e n ts  a s s o c ia te d  w it h  fo u n d a tio n s , e x c a v a t io n s , a n d  
o th e r s itu a t io n s  in  g e o te c h n ic a l e n g in e e r in g .
T h e  c o m m e r c ia l p r o g r a m , w it h  a  c o m p le te ly  n e w  u s e r  fr ie n d ly  C A D - s t y l e  
W in d o w s  in te rfa c e , w a s  la u n c h e d  in  19 9 6 , c a lle d  S A G E  C R I S P  o w n e d  b y  
S A G E  E n g in e e r in g  L im ite d . H o w e v e r , u n t il  v e r y  re c e n tly , th e re  h a s  b e e n  n o  
d iffe re n c e  b e tw e e n  th e  tw o  p r o g r a m  c a p a b ilit ie s  s u c h  a s  e le m e n t  ty p e s , 
c o n s t it u t iv e  m o d e ls , etc. T h e  a n a ly s e s  c a r r ie d  o u t in  th e  s u b s e q u e n t  
c h a p te rs  m a d e  u s e  o f  th e  D O S  b a s e d  v e r s io n , C R I S P 9 4 .
A  f u ll d e s c r ip tio n  is  g iv e n  b y  B r itto  a n d  G u n n  ( 19 8 7 ), a n d  p r o g r a m in g  
m a n u a ls  a re  p r o v id e d  b y  B r it t o  a n d  G u n n ( 19 9 0  a n d  19 9 2 ) . C S S M  is  
d e s c r ib e d  f u lly  in  a  n u m b e r  o f te x t s  ( S c h o f ie ld  a n d  W ro th , 19 6 8 ; A t k in s o n  
a n d  B r a n s b y ,  19 7 8 ; B o lto n , 19 7 9 ; A t k in s o n ,  .19 8 1  a n d  19 9 3 ; W o o d , 1 9 9 1 ) .
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3.2.2 Program structure
T h e  C R I S P  p r o g r a m  c o n t a in s  tw o  d is t in c t  c o m p o n e n ts ; i.e . th e  g e o m e try  
p r o g r a m  ( G P )  a n d  th e  m a in  p r o g r a m  ( M P ) . T h e  g e o m e try  p r o g r a m  d e a ls  
w it h  m e s h  p r o c e s s in g  a n d  c h e c k in g  b a s e d  o n  th e  in p u t  d a ta  s p e c if ie d  b y  
th e  u s e r , in c lu d in g  th e  v e r t e x  n o d e  c o o rd in a te s , e le m e n t c o n n e c t iv it y  a n d  
e le m e n t ty p e s . T h e  m a in  r o le s  o f th e  g e o m e try  p r o g r a m  a re  th e  g e n e r a t io n  
o f m i d -s i d e  a n d  in te r io r  n o d e s, th e  d e r iv a t io n  o f th e  o p t im is e d  s o lu t io n  
o rd e r f o r  th e  f ro n ta l s o lv e r  a n d  th e  c r e a t io n  o f a  p e r m a n e n t  l in k  f ile  o f  
g e o m e tr ic  d a t a  to b e  s u b s e q u e n t ly  r e a d  b y  th e  m a in  p r o g r a m . T h e  m a in  
p r o g r a m  s o lv e s  th e  f in ite  e le m e n t e q u a tio n s , s u c h  a s  th e  d is p la c e m e n ts ,  
s t r e s s e s  a n d  p o re  p r e s s u r e s  b a s e d  o n  th e  b o u n d a r y  c o n d it io n s  o f  th e  
a n a ly s is .  T h e  g e n e r a l f lo w  c h a r t  o f th e  s t r u c t u r e  o f  th e  a n a ly s is  is  
d e s c r ib e d  in  F ig u r e  3 . 1 .
T h e  in p u t  d a t a  r e q u ir e d  is  c la s s if ie d  in to  th e  fo llo w in g  th re e  c a te g o r ie s :
(i) In fo r m a tio n  fo r th e  fo r m a tio n  of th e  f in ite  e le m e n t  m e s h  
a s s o c ia te d  w it h  th e  c o o rd in a te s  o f n o d a l p o in ts  fo r  e a c h  
e le m e n t, w h ic h  a re  s u b d iv id e d  in to  d o m a in  in fo r m a tio n ,  
m a x im u m  v a lu e  o f u s e r  v e r te x  n o d e a n d  e le m e n t n u m b e r s ,
c u r v e d  s id e s , n o d e s  a n d  e le m e n t In fo r m a tio n , e tc.
(ii)  M a t e r ia l  p ro p e rtie s  a n d  i n - s i t u  s t r e s s e s  fo r  e a c h  e le m e n t
( ii i)  B o u n d a r y  c o n d it io n s  a n d  c o n s tr u c t io n  s e q u e n c e s  fo r th e  
a n a ly s is ;  fo r  in s ta n c e , im p o s e d  d is p la c e m e n ts , a p p lie d  lo a d s, 
g e o m e try  c h a n g e s , etc.
T h e  C R I S P  e n g in e  is  w r itte n  in  A N S I  ( A m e r ic a n  N a t io n a l S t a n d a r d s  
In s t it u te )  s ta n d a r d  F O R T R A N  7 7 ; a  p r o g r a m in g  la n g u a g e  w h ic h  is  s t i l l  
w id e ly  u s e d  b y  th e  e n g in e e r in g  a n d  s c ie n c e  r e s e a r c h  c o m m u n it y . I t  is  
s u ita b le  fo r m o u n tin g  o n  m a n y  d iffe re n t c o m p u te rs ; th e  s iz e  o f  th e  p r o b le m
w h ic h  c a n  b e  m o d e lle d  b y  C R I S P  o n ly  d e p e n d s o n  th e  s iz e  o f th e  m e m o r y
a n d  th e  p r o c e s s in g  p o w e r o f th e  u s e r 's  co m p u te r.
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3.2.3 Program limitations and equilibrium
T h e  p r o g r a m  a llo w s  fo r d ra in e d , u n d r a in e d  a n d  t im e  d e p e n d e n t a n a ly s is  o f  
s t a t ic  p r o b le m s  u n d e r  s in g le  lo a d in g  a n d /o r  u n lo a d in g  c o n d it io n s . S in c e  th e  
C R I S P  e n g in e  is  b a s e d  o n  th e  s m a ll  s t r a in /s m a ll  d is p la c e m e n t, th e  a n a ly s is  
a s s o c ia te d  w it h  la r g e  d e fo rm a tio n  m a y  b e  p a r t ia lly  c o v e re d  b y  u s in g  th e  
g e o m e try  u p d a tin g  o p tio n  ( I U P D  in  R e c o r d  C l  o f m a in  p r o g r a m  in p u t  d a ta ).  
C R I S P  m a k e s  p o s s ib le  to m o d e l th e  p e r fo r m a n c e  o f  e x c a v a t io n  a n d  
b a c k f ill in g  a c c o r d in g  to th e  c o n s t r u c t io n  se q u e n c e s  in  3 D , p la n e  s t r a in  a n d  
a x is y m m e t r y .
T h e  a n a ly s is  o f a n  e x tr e m e ly  la r g e  d e fo rm a tio n  c a u s e d  b y  th e  c o m p a c tio n  
e ffe ct o r  s t r e s s  c y c lin g  is  n o t p o s s ib le  in  th e  c u r r e n t  fo rm . B o th  th e  
p r in c ip le  o f  c o m p a c t io n  e ffe c t  a n d  th e  r e s u lt  o f th e  f in ite  e le m e n t a n a ly s is  
w ill  b e  d e ta ile d  in  th e  f in a l s e c t io n  o f t h i s » c h a p te r. T h e  d r iv in g  o f  a  p ile  
w ith  o r  w ith o u t  to rs io n  c a n  n o t b e  a d e q u a te ly  m o d e lle d  u s in g  th e  
a x is y m m e t r ic  o p tio n , s in c e  it  is  a  d y n a m ic  e v e n t.
C r it ic a l  s ta te  b a s e d  m o d e ls  in  th e  C R I S P  p r o g r a m  u s e  a n  in c re m e n ta l  
a p p ro a ch  w ith o u t  a n y  s t r e s s  c o rre ctio n . T h i s  r e s u lts  in  th e  re s p o n s e  to b e  
fa r  a w a y  fro m  th e  tru e  s o lu t io n  in  th e  c a s e  o f a n a ly s is  u s in g  a n  
in s u f f ic ie n t  n u m b e r  o f  in c r e m e n ts . T h e  s t r e s s  sta te  fo r  e la s t ic  p e r fe c t ly  
p la s t ic  m o d e ls  (m o d e l no. 5 )  is , h o w e v e r, c o rre c te d  b a c k  to th e  y ie ld  
s u r f a c e  a t  th e  e n d  o f  e v e r y  in c r e m e n t  w h e n  y ie ld in g  o c c u r s . F ig u r e  3 .2 (a )  
il lu s t r a t e s  th e  s t r e s s  sta te  c o rr e c t io n  fo r  a  s in g le  in te g r a t io n  p o in t. I f  th e  
s t r e s s  s ta te  m o v e s  o u ts id e  th e  y ie ld  lo c u s /f a ilu r e  s u r fa c e  ( P Q ,  th e  s t r e s s e s  
w ill  b e  a d ju s te d  b a c k  to th e  y ie ld  s u r fa c e  ( P 2). T h e  o u t -o f -b a la n c e  lo a d  
fo r a  s e t  o f  e q u iv a le n t  n o d a l lo a d s  A P  c l , is  th e n  c o m p u te d  b y  the  
in te g r a t io n  o f a  s in g le  co rre ctio n . F ig u r e  3 .2 (b )  re p re s e n ts  a n  ite r a t iv e  
te ch n iq u e , w h e r e  th e  c o rr e c t io n  fo r  fu r th e r  y ie ld in g  is  re p e a te d  u n t il the  
r e s u lt in g  in c r e m e n ta l d is p la c e m e n ts  o r  A P  cn is  le s s  th a n  a  p r e s e t  to le ra n ce .  
T h e  im b a la n c e d  lo a d  a r is in g  fro m  t h is  s t r e s s  c o rre ctio n  is  re a p p lie d  in  t f e  
fo llo w in g  in c re m e n t. M o re o v e r, the in c r e a s e  in  s t r a in  is  s u b d iv id e d  in to  te n  
e q u a l s te p s  r o u t in e ly  a n d  th e n  th e  s t r e s s  s ta te  is  r e -e v a lu a t e d  a t  th e  e n d  of  
e a c h  ste p . T h e  s t r e s s  s ta te  is  th e re fo re  c lo s e r  to th e  tru e  s o lu t io n . U n lik e  
e la s t ic  p e r fe c t ly  p la s t ic  m o d el, fo r  C S S M  m o d e ls  no c o rr e c t io n  is  m a d e  d u e
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to th e  d if f ic u lty  o f t r y in g  to  c o r r e c t  b a c k  to a  y ie ld  s u r fa c e  w h ic h  is  
c h a n g in g  in  s iz e  (B r itto  a n d  G u n n , 19 8 7 ) .
3.2.4 Constitutive soil models
T h e  c o n s t it u t iv e  s o il m o d e ls  a v a ila b le  in  C R I S P 9 4  in c lu d e s :
(i) L in e a r  e la s t ic
-  H o m o g e n e o u s  a n is o tr o p ic
-  H o m o g e n e o u s  is o tr o p ic
-  N o n -h o m o g e n e o u s  is o tr o p ic
(ii)  L in e a r  e la s t ic  p e r f e c t ly -p la s t ic
-  v o n  M is e s  fa ilu r e  c r ite r io n
-  T r e s c a  fa ilu r e  c r ite r io n
-  D r u c k e r -P r a g e r  fa ilu r e  c r ite r io n
-  M o h r -C o u lo m b  fa ilu r e  c r ite r io n
(iii)  C r it ic a l  s ta te
-  C a m  C l a y  ( C C )
-  M o d if ie d  C a m  C l a y  ( M C C )
-  S c h o f ie ld  s o il m o d e l ( S C H O )
3.2.4.1 Linear elastic model
C R I S P 9 4  a llo w s  fo r  lin e a r  e la s t ic it y  w it h  a n is o tr o p y  o r  n o n -h o m o g e n e it y  in  
m o d e llin g  th e  e la s t ic  r e s p o n s e  o f  so il. F o r  is o tr o p ic  m a te r ia ls  th e re  a re  o n ly  
tw o  in d e p e n d e n t e la s t ic  c o n s ta n ts . H o w e v e r , m o s t  g e o m a te r ia ls  a re  
a n is o tro p ic . A  c o m p le te ly  g e n e r a l d e s c r ip tio n  o f a n  a n is o tr o p ic  e la s t ic  
m a te r ia l r e q u ir e s  2 1  e la s t ic  c o n s ta n ts . T h e  d e p o sit io n a l h is t o r y  o f  m a n y  
s o ils  in tr o d u c e s  s y m m e t r ie s  w h ic h  m a y  re d u c e  the n u m b e r  o f c o n s ta n ts  
c o n s id e r a b ly . T h e  c r o s s -a n is o t r o p y  (o r t r a n s v e r s e  is o tr o p ic )  l in e a r  e la s t ic  
m o d e l in  C R I S P ,  w h ic h  a s s u m e s  th a t, d u r in g  d e p o sitio n , s o ils  u n d e rg o  
o n e -d im e n s io n a l c o m p r e s s io n , r e q u ir e s  th e  f iv e  in d e p e n d e n t e la s t ic  c o n s t a n t s
to b e  sp e c ifie d , w h ic h  a re
E v : Y o u n g 's  m o d u lu s  in  th e  v e r t ic a l d ire c t io n
E h : Y o u n g 's  m o d u lu s  in  th e  h o r iz o n ta l d ire c t io n
: P o is s o n 's  ra tio  fo r a  s t r e s s  in c r e m e n t  in  th e
v e r t ic a l d ire c tio n  
pvh : P o is s o n 's  ra tio  fo r a  s t r e s s  in c r e m e n t  in  th e
h o r iz o n ta l d ire c t io n  
G hv : S h e a r  m o d u lu s  o f a n is o tr o p ic  s o il
T h i s  m o d e l is  u s u a lly  lim ite d  fo r u s e  in  o v e r -c o n s o lid a t e d  c la y s  w h ic h  
s h o w s  E h ^ E v , s in c e  d iff ic u lt ie s  a r is e  in  d e te r m in in g  th e c o n s t a n t s  e ith e r
fro m  f ie ld  o r  la b o ra to r y  te s t in g . Is o tr o p ic  m o d e l is  a ls o  c o v e re d , b e in g  a  
s p e c ia l c a s e  o f a n is o tr o p y .
O n  th e  o th e r h a n d , th e  n o n -h o m o g e n e o u s  e la s t ic  ( is o tr o p ic )  m o d e l
r e q u ir e s  o n ly  4  in d e p e n d e n t p a ra m e te rs  a s  fo llo w s  :
E 0 : Y o u n g 's  m o d u lu s  a t  d a tu m  e le v a tio n
y 0 : D a t u m  e le v a tio n  a t w h ic h  E  =  E 0
m  : R a te  o f in c r e a s e  o f  Y o u n g 's  m o d u lu s  w it h  d e p th
v ' P o is s o n 's  ra t io
T h e  g o v e r n in g  e q u a tio n  fo r  e la s t ic  Y o u n g 's  m o d u lu s  a t  a n  e le v a t io n  is  
g iv e n  b y  E  =  E 0 + m  ( y 0 — y ) .  H e re , P o is s o n 's  ra t io  is  in v a r ia b le , th erefo re, 
th e  s h e a r  m o d u lu s  is  d ir e c t ly  re la te d  to Y o u n g 's  m o d u lu s ; i.e. 
G  =  E / 2 ( 1  +  v). T h i s  m o d e l is  w id e ly  u s e d  d u e  to it s  s im p lic it y ,  a n d  the  
p r o b le m s  r e la t in g  to e x c a v a t io n s  in  s t if f  c la y s , in  p a r t ic u la r . M o re o v e r, th e  
m o s t  o f  c o n s t r u c t io n  m a t e r ia ls  s u c h  a s  co n cre te , re in fo rc e m e n t, e tc. a re  
m o d e lle d  u s in g  th e  h o m o g e n e o u s  e la s t ic  m o d e l w ith  m  == 0 .
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3.2.4.2 Elastic perfectly-plastic model
E la s t ic  p e r f e c t ly -p la s t ic  m o d e ls  a re  f a ir ly  w id e ly  u s e d  in  th e  a n a ly s is  of  
g e o te c h n ic a l e n g in e e r in g  p r o b le m s . T h e  r e s p o n s e  of so il is  b r o a d ly  lin e a r  
e la s t ic  u n t il  it  y ie ld s . O n c e  th e  s t r e s s  sta te  p a s s e s  th e  y ie ld  p o in t, 
s im u lta n e o u s  e la s t ic  a n d  p la s t ic  s t r a in s  o c c u r  a n d  s t if f n e s s  d e c r e a s e s . T h i s  
n a tu re  m a k e s  it  p o s s ib le  to l im it  a  s h e a r  stre n g th . U n lik e  th e  c r it ic a l  s ta te  
s o il m o d e ls , th e  y ie ld  s u r fa c e  n e ith e r  e x p a n d s  n o r  c o n tr a c ts  d u r in g  p la s t ic  
y ie ld in g . F a c i l it ie s  fo r th e  l in e a r  v a r ia t io n  of b o th  th e  Y o u n g 's  m o d u lu s  
a n d  th e  s h e a r  s tr e n g th  w it h  d e p th  (i.e . n o n h o m o g e n e ity  o f e la s t ic  s t if fn e s s  
a n d  s tre n g th )  a re  p r o v id e d  in  a  s im ila r  w a y  to n o n h o m o g e n e ity  e la s t ic  
m o d e l ( b y  u s in g  th e  s o il  p a r a m e te r s  E 0 , c 0 , m E , m c ), h o w e v e r, th e  c u r r e n t  
p a c k a g e  p e r m its  o n ly  f u lly  is o tr o p ic  b e h a v io u r .
C R I S P  p r o v id e s  a  la r g e  v a r ie t y  o f  y ie ld  c r ite r ia  so  that u ser ca n  select an 
a p p ro p ria te  m o d e l to c h a r a c t e r is e  th e  s t r e s s -s t r a in  a n d  fa ilu r e  b e h a v io u r  o f  
th e  c o n s t r u c t io n  m a te r ia ls , w h ic h  a re
(i) T r e s c a  o r  v o n  M is e s
fo r  to ta l s t r e s s , u n d r a in e d  ( E u , c u , — 0 )
(ii)  M o h r -C o u lo m b  o r D r u c k e r -P r a g e r
fo r e f fe c t iv e  s t r e s s , d r a in e d  a n d  c o n s o lid a tio n  ( E ,  v ,</>')
T h e  a b o v e  fo u r d iffe re n t c r it e r ia  h a v e  b o th  a d v a n t a g e s  a n d  lim ita t io n s ,  
d e p e n d in g  o n  th e  p a r t ic u la r  a p p lic a tio n . I t  is  a s s u m e d  th a t  th e  p la s t ic  
p o te n tia l is  th e  s a m e  a s  th e  f a ilu r e  e n v e lo p e  in  s t r e s s  (o r  s t r a in )  sp a c e ,  
im p ly in g  a n  a s s o c ia te d  f lo w  ru le . I t  is  k n o w n  th a t T r e s c a  a n d  v o n  M is e s  
y ie ld  c r it e r ia  a re  w e ll s u ite d  to m o d e l m e ta ls . T h e  T r e s c a  y ie ld  c r ite r io n  is  
re p re s e n te d  b y  a  h e x a g o n a l c r o s s -s e c t io n ,  w h ile  th e  v o n  M is e s y  y ie ld  
c r ite r io n  d e fin e d  b y  c y l in d r ic a l  s u r fa c e  c e n tre d  o n  th e  p r in c ip a l s t r e s s  s p a c e  
w ith  th re e  o rth o g o n a l C a r t e s ia n  c o o rd in a te . T h e  M o h r -C o u lo m b  c r ite r io n  
f o r m s  a n  ir r e g u la r  h e x a g o n a l p y r a m id , w h ic h  is  p r o b a b ly  m o s t  w id e ly  
a cc e p te d  a s  th e  m o re  a c c u r a te  o f a ll  o f  th e s e  s o lu t io n s  fo r th e  g e n e r a l  
g e o te c h n ic a l e n g in e e r in g  p r o b le m s  (B is h o p , 19 6 6 ).
C o n c e r n in g  r e a l s o il  b e h a v io u r , th e  s h o r tc o m in g s  o f th e  T r e s c a  a n d  v o n  
M is e s  y ie ld  c r ite r io n  e x is t  b e c a u s e  o f in d e p e n d e n c y  o n  c h a n g e  in  m e a n  
s t r e s s , w h e r e in  th e  s t r e s s  s ta te  r e a c h e s  y ie ld in g  p o in t  th e  s o il d e fo r m s  a t  a  
c o n s ta n t  y ie ld  s t r e s s  in  a  s t r e s s -s t r a in  c u r v e . W h ile  o n  th e  o th e r h a n d , the  
y ie ld  s t r e s s  fo r th e  M o h r -C o u lo m b  o r  D r u c k e r -P r a g e r  c r it e r ia  te n d s  to 
in c r e a s e  o r  d e c r e a s e  a fte r th e  y ie ld  p o in t, a c c o r d in g  to th e  v a r ia t io n  o f th e  
m e a n  s t r e s s .  F r o m  th e  id e a  o f  a  c y lin d r ic a l  s u r fa c e  (d u e  to v o n  
M is e s ( 1 9 1 3 ) ) ,  th e  c o n ic a l s u r f a c e  (w h ic h  c o in c id e s  w ith  th e  M o h r -C o u lo m b  
s u r fa c e  o n  th e  e d g e s ) w a s  p ro p o se d  b y  D r u k e r -P r a g e r ( 1 9 5 2 )  a s  it  is  ra th e r  
m o re  u s e f u l to 'r o u n d -o f f '  th e  M o h r -C o u lo m b  y ie ld  s u r fa c e . H o w e v e r , a  
c o m m o n  fe a tu re  is  th a t  w h e n  th e  s t r e s s  sta te  fo r s o il is  lo ca te d  in s id e  th e  
y ie ld  s u r fa c e , th e  b e h a v io u r  of th e  m a te r ia l is  e la s tic . S im ila r ly ,  y ie ld in g  is  
d e fin e d  b y  th e  s t r e s s  s ta te  b e in g  p la c e d  o n  th e  y ie ld  s u r fa c e ; h o w e v e r, 110 
a s s u m p tio n  c a n  b e  m a d e  th a t  it  is  lo ca te d  o u ts id e  th e  s u r fa c e .
A  m a jo r  d is a d v a n t a g e  o f th e  a b o v e  f o u r  c r ite r ia  is  d u e  to th e  o p e n -e n d e d  
y ie ld  s u r f a c e s  in  th e  d ire c to n  o f the h y d r o s t a t ic  c o m p r e s s iv e  a x is ,  a s s u m in g  
l in e a r  e la s t ic  s o il r e s p o n s e  fo r p r e d o m in a n t ly  c o m p r e s s iv e  s t r e s s  sta te s .  
S in c e  th e  r e a l s o il b e h a v io u r  is  n o n -l in e a r  u n d e r m o s t  s t r e s s  c o n d it io n s ,  
th e re  e x is t s  a  s e v e r e  p h y s ic a l  s h o rtc o m in g . I n  o rd e r to o v e r c o m e  th is  
d e fic ie n c y , a  c lo s e d  y ie ld  s u r fa c e  w it h  a  s t r a in  h a rd e n in g  c a p  is  re q u ir e d  
(O e ttl e t  al., 19 9 8 ). H o w e v e r , th e  u s e  o f c r it ic a l  sta te  m o d e ls  o r  c a p  m o d e ls  
a re  b e y o n d  th e  sco p e  o f th e  p r e s e n t  s tu d y . I 11 k e e p in g  w it h  m a n y  o f th e  
p r e v io u s  in v e s t ig a t io n s  u s in g  th e  f in ite  e le m e n t m e th o d  fo r  s o il -p ip e  
in te r a c t io n  p ro b le m s , th e  M o h r -C o u lo m b  c r ite r io n  w ill  b e  a d o p te d  fo r the  
s o il e le m e n ts .
3.3 Interpretation of CRISP
T h i s  s e c t io n  d e a ls  w ith  th e  in te rp re ta tio n  te c h n iq u e s  u s e d  in  
p o s t -p r o c e s s in g  th e  C R I S P  a n a ly s e s  c a r r ie d  o u t b y  th e  w rite r . T h e  
te c h n iq u e s  fo r  sm o o th in g  a n d  e x tr a p o la tio n  o f th e  e ig h t -n o d e d  q u a d r ila te r a l  
e le m e n t ( L S Q )  w it h  fu ll 3 x 3  in te g r a t io n  a re  d e sc rib e d . A  fre e  b o d y  d ia g r a m  
o f a  s m a ll  s q u a r e  e le m e n t a n d  M o h r 's  c ir c le  o f s t r e s s  a re  e m p lo y e d  fo r the  
d e te r m in a tio n  o f  r a d ia l e a rth  p r e s s u r e  o n  th e  p ip e  to g e th e r w it h  th e  f le x u r a l
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b e n d in g  s t r e s s e s  in  th e  p ip e  w a ll.  F in a l ly ,  a  s im p le  b e n d in g  th e o r y  to  
c o m p u te  th e  b e n d in g  m o m e n t in d u c e d  a ro u n d  th e  p ip e  w a ll  fro m  the  
c o m b in a tio n  o f lo a d in g  c o n d it io n s  w il l  b e  d is c u s s e d .
3.3.1 Least squares smoothing of discontinuous finite element 
functions
In  g e n e r a l, fo u r d iffe re n t a posteriori lo c a l s t r e s s  s m o o th in g  m e th o d s  h a v e  
b e e n  id e n tif ie d , to g e th e r w it h  a  f ifth  m e th o d  w it h  r e s p e c t  to s o i l -w a l l  
in te rfa c e  p r o b le m s  im p le m e n te d  b y  W o o d s  (19 9 9 ).
(i) s im p le  a v e r a g in g
(ii) b e s t - f i t  lin e
( iii) b e s t - f i t  p la n e
( iv ) 2 x 2  in te rp o la tio n  a n d  sm o o th in g
(v ) t r a n s lo c a l b e s t - f i t  l in e /c u r v e
T h e  t r a n s lo c a l b e s t - f i t  l in e /c u r v e  m e th o d  is  b a s e d  o n  th e  c o n c e p t  o f the  
b e s t - f i t  l in e  m e th o d , b u t  e x te n d e d  to  a  la r g e r  zo n e  o f e le m e n ts  a d ja c e n t  to 
th e  w a ll.
P a s t  e x p e r ie n c e s  w it h  n u m e r ic a lly  in te g r a te d  e le m e n ts  in d ic a t e  th a t  th e  
e r r o r -m in im a l  p o in ts  a re  th e  G a u s s  p o in ts . T h e  w o r s t  r e s u lt s  a re  s h o w n  a t  
th e  e d g e  o f th e  e le m e n t, b u t  t h is  lo c a t io n  is  g e n e r a lly  th e  p la c e  fo r th e  
in te rp r e ta t io n  o f th e  o u tp u t (H in t o n  a n d  C a m p b e llT 9 7 4 , B a r lo w T 9 7 6 ) .  I t  is  
th e re fo re  a  p r e r e q u is ite  th a t  th e  e x tr a p o la tio n  o f  th e  o u tp u t o b ta in e d  fro m  
th e  in te r io r  o f th e  e le m e n t ( e s p e c ia lly  fo r th e  f in ite  e le m e n t m o d e ls  b a s e d  
o n  th e  d is p la c e m e n t  a p p r o x im a t io n s )  is  d o n e  b e fo re  th e  c a lc u la t io n  of th e  
s t r e s s e s . A  g lo b a l s m o o th in g  o r  lo c a l s m o o th in g  m e th o d  ( in v o lv in g  th e  
w h o le  o f th e  f in ite  e le m e n t d o m a in  o r  e a c h  in d iv id u a l e le m e n t, r e s p e c t iv e ly )  
i s  u s u a lly  c a r r ie d  o u t b y  a  le a s t  s q u a r e s  s m o o th in g  m e th o d , a s  p ro p o se d  b y  
H in t o n  a n d  C a m p b e ll( 1 9 7 4 )  fo r th e  c a s e  o f  2 x 2  r e c t a n g u la r  e le m e n t.
A n  e ig h t -n o d e d  q u a d r ila te r a l e le m e n t fo r p la n e  s t r a in  h a s  m u c h  im p r o v e d  
c h a r a c t e r is t ic s  c o m p a re d  to a  lo w e r  o rd e r e le m e n t, s u c h  a s  a  c o n s t a n t  s t r a in
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t r ia n g u la r  e le m e n t o r  f o u r -n o d e d  q u a d r ila te r a l e le m e n t. T h e  d is p la c e m e n t  
f u n c t io n s  fo r  th e s e  la tte r  e le m e n ts  a re  b a s e d  o n  a  b ilin e a r  d is p la c e m e n t  f ie ld  
o n ly . O b v io u s ly ,  im p r o v e m e n t  c a n  b e  a c h ie v e d  b y  th e  a d d it io n  o f a  n u m b e r  
o f n o d a l p o in ts  a lo n g  th e  s id e s  o f s u c h  e le m e n ts, in  o rd e r to a llo w  a  
s m a lle r  n u m b e r  o f v a r ia b le s  to b e  u s e d  fo r  th e  s o lu t io n  o f p r a c t ic a l  
p ro b le m s  w it h  a  g iv e n  d e g re e  o f a c c u r a c y  ( E r g a t o u d is  et a l., 19 6 8 ).  
N o n -d im e n s io n a l  ( a u x il ia r y )  c o o rd in a te s  m e a s u r e d  fro m  th e  c e n tre  of th e  
e le m e n t ( £ — ( x  — x c ) / a  a n d  y = ( y  — y c ) / b )  c a n  o v e r c o m e  in c o m p a t ib ilit y  
o f d is p la c e m e n ts  b e tw e e n  a d ja c e n t  e le m e n ts  d u e  to p a r a b o lic  v a r ia t io n  of  
d is p la c e m e n t  a lo n g  th e  e d g e , a n d  m a k e  it  p o s s ib le  to h a v e  n o n r e c ta n g u la r  
e le m e n ts . In  F ig u r e  3 .3 , £ a n d  y v a r y  b e tw e e n  - 1  a n d  + 1 ,  a n d  x c a n d  
y c a re  th e  g lo b a l c o o rd in a te s  a t  th e  c e n tre  o f th e  e le m e n t. T h e  m o s t  
p o p u la r  n u m e r ic a l in te g r a t io n  p ro c e d u re  is  th e  G a u s s -L e g e n d r e  q u a d r a tu re  
m e th o d  (o fte n  te rm e d  s im p ly  G a u s s  q u a tr a tu re  o r G a u s s  m e th o d ), w h ic h  
c a n  b e  u s e d  to a p p ro x im a te  th e  v a r io u s  in te g r a ls  o f m a t r ix  p r o d u c ts . F ig u r e  
3 .4 (a )  re p re s e n ts  a  b ilin e a r  e le m e n t  (2 x 2 )  w ith  £ — y = ±1/^3 .  F ig u r e  
3 .4 (b ) illu s t r a t e s  th e  o p tim a l s t r e s s  lo c a t io n s  fo r  a  q u a d r a t ic  e le m e n t (3 x 3 )  
w ith  £ = y = ± n/375 a n d  w e ig h t in g  f a c to r s  of 5 /9  a t  c o r n e r  n o d e s  a n d  
8 /9  a t c e n tr a l n o d e. T h e  a d d it io n  o f  a  c e n tr a l n o d e w ith  th e  c o o rd in a te s  o f  
£ = 7 = 0  t r a n s f o r m s  th e  8 -n o d e  q u a d r a t ic  e le m e n t (s o m e tim e s  c a lle d  a  
" s e r e n d ip ity "  e le m e n t) in to  a  9 -n o d e  L a g r a n g e  e le m e n t, le a d in g  to m o re  
a c c u r a te  r e s u lts .
T h e  g e n e r a lis e d  f o r m  o f sh a p e  f u n c tio n s  c a n  b e  c o n s tr u c te d  d ir e c t ly  b y  
talcin g  p r o d u c ts  o f th e  lin e a r  L a g r a n g e  p o ly n o m ia ls  fo r  th e  4 -n o d e  
r e c t a n g u la r  e le m e n t ( C h e u n g  a n d  Y e o , 19 7 9 ) . S im ila r ly  th e  8 -n o d e  q u a d r a t ic  
e le m e n t a n d  9 n o d e  L a g r a n g ia n  e le m e n t h a v e  b e e n  in tr o d u c e d  b y  so m e  
r e s e a r c h e r s  s u c h  a s  H in t o n  a n d  O w e n ( 19 7 9 .)  a n d  C o o k  e t  a l.( 19 8 9 ) . F o r  a  
4 -n o d e  r e c t a n g u la r  e le m e n t, a ll  o f  th e  s h a p e  fu n c t io n s  c a n  b e  e x p r e s s e d  b y  
th e  s a m e  fo rm , w h ile  th e  s h a p e  f u n c tio n s  fo r  a  8 -n o d e  q u a d r a t ic  e le m e n t  
m u s t  b e  d is t in g u is h e d  b y  tw o  g e n e r a l fo r m s ; c o rn e r n o d e s ( i  =  1 , 2 , 3 , 4 ) ,  
a n d  m id s id e  n o d e s  ( i  — 5 , 6 , 7 , 8 ) .  T h e  a x e s  of a  q u a d r a t ic  e le m e n t  c a n  be  
e ith e r s t r a ig h t  o r c u rv e d .
T h e  g e n e r a l fo r m  o f sh a p e  f u n c t io n s  fo r a  L a g r a n g e  e le m e n t w it h  9 G a u s s  
p o in ts  a re  g iv e n  b y  the fo llo w in g  ( H in t o n  a n d  O w e n , 19 7 9 ) :
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(i) for corner nodes (i =  1,2,3,4)
(3.1a)
(ii)  fo r  m id s id e  n o d e s ( i  =  5 , 6 , 7 , 8 )
N j  =  y  7 i2 (y2 ~  W i X l  ~  £2) +  ~2 ^ ‘2 ~  — 7 2) (3 .1b )
F o r  e x a m p le , m id s id e  n o d e  w it h  £  =  0 a n d  =  — 1  le a d s  to
N j  =  — ( 1  — £2)v(1 — v)/2. T h e  b o u n d a r ie s  a re  d e fin e d  b y  b o th  £=  ± 1  a n d
V =  ± 1 ,  a n d  th e  c o o rd in a te s  fo r  £, a n d  Vi a re  ta k e n  fro m  t h e ir  g lo b a l
v a lu e s  c o n v e r te d  to th e  lo c a l s y s te m .
T h e  s m o o th in g  sh a p e  fu n c tio n  o f e a c h  n o d e  c a n  b e  th e n  c a lc u la t e d  b y  
u s in g  E q n  3 . 1 .  A lt e r n a t iv e ly , th e  s h a p e  fu n c tio n s  fo r  th e  8 -n o d e
q u a d r ila te r a l e le m e n t c a n  b e  d e r iv e d  im m e d ia te ly  b y  in s p e c t io n  ( B a ll,  19 8 0 ), 
a n d  fo r  th e  9 -n o d e  L a g r a n g ia n  e le m e n t a s  fo llo w s : (C o o k  e t  a l., 19 8 9 )
( ii i)  fo r th e  c e n tr a l n o d e  ( i  =  9) 
N ,  =  ( 1  — ^ X l  -  r,2) ( 3 .1 c )
N ,  =  |  (1 -  0 (1  -  V)~ (  \  N s +  \  N 8 +  |  N „ )
n 2 =  f  ( i  +  m  — j) — ( r  n 5 +  \  n 6 +  r  n 9>
n ,  =  r  a  +  © u  +  9) -  ( r  n 6 +  r  n 7 +  r  n 9)
n 4 =  \  ( i  -  ® ( i  +  n) -  (j  n ,  +  r  n 8 +  r  n 9)
N 6 = | ( l - | 2 ) ( l - 9 ) - | - N 9
n 6 =  \  ( i  +  a a  -  ? 2) -  r  n 9 
n 7 =  }  ( i  -  f ) a  + r,) -  r  n 9
N „  =  \  ( 1  -  0 ( 1  -  V2) -  j  N s  
n 9 =  ( l  -  f X i  -  V2)
(3 .2 )
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F o r  th e  8 -n o d e d  q u a d r ila te r a l e le m e n t ( L S Q )  w it h  fu ll 3 x 3  in te g r a t io n , s u c h  
a s  u s e d  in  C R I S P ,  th e  lo c a lly -s m o o t h e d  n in e  n o d a l s t r e s s e s s
( 01, 02 , * * * , 09) c a n  b e  d e r iv e d  fro m  th e  G a u s s  p o in t  s t r e s s e s  
(ctj (jH • • • , Ob,) b y  u s in g  th e  f o llo w in g  e x p re s s io n :
0 1 ' a b c b d e e d fl 0 i
0 2 b a b c d d e e f 0 i i
0 3 c b a b e d d e f 0 i i i
0 4 b c b a e e d d f 0 i v
0 5
= 0 0 0 0 g 0 h 0 0 V
0 6 0 0 0 0 0 g 0 h 0 v i
0 7 0 0 0 0 h 0 g 0 0 y i i
0 8 0 0 0 0 0 h 0 g 0 v i i i
0 9 0 0 0 0 0 0 0 0 j , 0 i x
w h e re , fro m  e ith e r  E q n  3 . 1  o r  E q n  3 .2 , th e  sh a p e  fu n c tio n  v a lu e s  N j ,  o f  (a,
b, c, d, e, f, g , h , i, j )  c a n  b e  s u b s t itu te d  b y  (2 .18 6 9 , 0 .2 7 7 8 , 0 .0 3 5 3 , -0 .9 8 5 9 ,  
- 0 . 1 2 5 2 ,  0.4444, 1.4 7 8 8 , 0 .18 7 8 , -0 .6 6 6 7 , 1 ) ,  r e s p e c t iv e ly .
A lt h o u g h  th e  lo c a l s m o o th in g  w o r k  h a s  n o w  b e e n  co m p le te d , it  d o e s n o t  
p ro d u c e  u n iq u e  v a lu e s  a t  th e  n o d a l p o in ts , a n d  th erefo re, it  is  n e c e s s a r y  to 
a p p ly  f u r th e r  n o d a l a v e r a g in g . F ig u r e  3 .5  d e p ic ts  th e  lo c a l s m o o th in g  a n d  
a v e r a g in g  m e th o d  b y  u s in g  th e  n o r m a l s t r e s s e s  g e n e ra te d  a lo n g  a  p a r t  of  
in n e r  f ib r e  o f p ip e  w a ll. A s  c a n  b e  se e n , a fte r th e  a p p lic a t io n  o f  s m o o th in g  
a n d  e x tra p o la tio n , th e  o s c illa t o r y  n a tu re  of f in ite  e le m e n t s t r e s s e s ;h a s  b e e n  
re m o v e d . I t  i s  n a t u r a l th a t, e v e n  th o u g h  th e  s m o o th in g  h a s  b e e n  co m p le te d , 
th e  s t r e s s e s  a re  n o t c o n t in u o u s  b e tw e e n  tw o  n e ig h b o u r in g  e le m e n ts  d u e  to 
f u n d a m e n ta l a s s u m p tio n s  in  th e  f in ite  e le m e n t m e th o d . T h i s  p h e n o m e n o n  
c a n  b e  m it ig a te d  b y  a  n o d a l a v e r a g in g  te ch n iq u e , a s  d e s c r ib e d  e ls e w h e re  
( H in t o n  et a l., 1 9 7 4  a n d  19 7 5 ) .
3.3.2 Normal and shear stresses  in so il-p ip e  interaction problems
F i g u r e  3 .6 ( a )  p r e s e n t s  a  s m a l l  s q u a r e  e le m e n t  o f  u n it  t h ic k n e s s  o r ie n te d  
in  d ir e c t io n  x , y  fo r  th e  g e n e r a l  c a s e  o f p la n e  s t r e s s  c o n s id e r in g  b o th  
n o r m a l a n d  s h e a r  s t r e s s e s .  T h e  h o r iz o n t a l  a n d  v e r t ic a l  s t r e s s e s  ax, oy 
a c t  o n  th e  e d g e s  o f th e  e le m e n t . T h e  s h e a r  s t r e s s e s  r xy, a c t  o n
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p la n e s  in  d ir e c t io n s  p a r a lle l  to  th e  y  a n d  x  a x e s  r e s p e c t iv e ly ,  w h ic h  a re  
in  t u r n  p e r p e n d ic u la r  to th e  d ir e c t io n  o f  th e  n o r m a l s t r e s s e s .  T h e  s ig n
c o n v e n t io n s  f o r  s t r e s s  w i l l  b e  th e  s a m e  in  t h is  t h e s is ,  ir r e s p e c t iv e  o f ' 
m a t e r ia l  t y p e s  e m p lo y e d . C o m p r e s s iv e  s t r e s s  a n d  a n t ic lo c k w is e  s h e a r  
s t r e s s  a r e  a s s u m e d  to b e  p o s it iv e ,  w h e r e a s  t e n s ile  s t r e s s  a n d  c lo c k w is e  
s h e a r  s t r e s s  a r e  n e g a t iv e .
B y  th e  p r in c ip le  o f  c o m p le m e n t a r y  s h e a r  to s a t is f y  s t a t ic  e q u i l ib r iu m  o f  
th e  e le m e n t  a b e d  fo r  m o m e n t s  t a k e n  a b o u t  a  p o in t  s u c h  a s  "a", th e  
s h e a r  s t r e s s e s  a c t in g  o n  b o th  p la n e s  bc, cd a re  e q u a l in  m a g n it u d e  
b u t  o p p o s ite  in  s i g n  ( — rxy =  r yx).
A  f r e e  b o d y  d ia g r a m  o f  a  w e d g e  t a k e n  f r o m  th e  s m a ll  s q u a r e  e le m e n t  
is  s h o w n  in  F i g u r e  3 .6 ( b ) .  T h e  r e s u lt a n t  n o r m a l s t r e s s  an0} a c t in g  o n  a  
p la n e  in c lin e d  a t  a n  a n g le  6 to th e  x  d ir e c t io n  is  g iv e n  b y :
F i g u r e  3 .7  is  a  g r a p h ic a l  r e p r e s e n t a t io n  o f  M o h r 's  s t r e s s  c ir c le  f o r  th e  
f o r e g o in g  s t r e s s  r e la t io n s h ip s ,  w h ic h  w a s  d is c o v e r e d  b y  C u lm a n n  in  
18 6 6  a n d  d e v e lo p e d  in  d e t a il  b y  M o h r  in  18 8 2 . T h e  M o h r  c ir c le  
p r o v id e s  a  u s e f u l  g r a p h ic a l  m e th o d  fo r  d e t e r m in in g  th e  n o r m a l a n d  
s h e a r  s t r e s s e s  o n  a n y  p la n e  t h r o u g h  a  p o in t  in  a  s t r e s s e d  b o d y  w h e n  
th e  m a jo r  a n d  m in o r  p r in c ip a l  s t r e s s e s ,  G\ a n d  o2, a r e  k n o w n . T h e  c ir c le  
c a n  b e  d r a w n  in  r  — o* s p a c e , u s in g  a  b o u n d a r y  c o n d it io n s  g iv e n  in  
F i g u r e  3 .7 .  T h e  s t r e s s e s  on0 a n d  ve in  th e  d ir e c t io n  o f  in c l in a t io n  6 
a n t ic lo c k w is e  in  F i g u r e  3 .6 ( b )  c a n  b e  d e te r m in e d  b y  r o t a t in g  th e  s t r e s s  
p o in t  o n  th e  M o h r  c ir c le  w it h  a n  a n g le  o f 26 c lo c k w is e .
tine =  Gy c o s 2 6 +  ( T x  s i n  2 6  +  r y x  s i n 2 # (3 .4 )
T h e  c o r r e s p o n d in g  s h e a r  s t r e s s  re, is :
( 3 .5 )
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F r o m  t h is  f ig u r e , th e  r e s u lt in g  n o r m a l a n d  s h e a r  s t r e s s e s  im p o s e d  on an 
in c l in e d  p la n e  c a n  b e  e x p r e s s e d  b y
ond= —  2  —  +  ^Gy 2 cos2<9 +  ryxsin2<9 (3 .6 )
rgi =  r s in  (2a — 26) ( 3 .7 )
w h e r e , tan 2<? =  2 ^ / (<?y — <xx ). T h e  r e s u lt in g  s t r e s s e s  o b t a in e d  f r o m  th e  
a b o v e  e q u a t io n s  a r e  id e n t ic a l  to E q n s  3 .4  a n d  3 .5  a s  r e q u ir e d . ( P a r r y ,  
1 9 9 5 )
E q n s  3 .4  a n d  3 .5  f o r  n o r m a l a n d  s h e a r  s t r e s s e s  a c t in g  o n  th e  in c lin e d  
p la n e  o f  a  s m a l l  e le m e n t  w il l  b e  u s e d  to  c o m p u t e  b o th  th e  n o r m a l  a n d  
s h e a r  s t r e s s e s  o c c u r in g  in  s o i l  in  c o n t a c t  w it h  th e  p ip e  ( c o r r e s p o n d in g  
to r a d ia l  e a r t h  p r e s s u r e s )  a n d  f le x u r a l  b e n d in g  s t r e s s e s  a t  th e  
e x t r e m it ie s  ( in n e r  a n d  o u t e r  f ib r e s )  o f  p ip e  w a ll  in  th e  s u b s e q u e n t  
c h a p t e r s .
3.3.3 flexural bending m om ent in pipe w all
In t e r n a l  f o r c e s  o c c u r in g  a t  a n y  c r o s s  s e c t io n  a r o u n d  th e  p ip e  w a l l  c a n  
b e  r e s o lv e d  in to  tw o  c o m p o n e n t s , n o r m a l a n d  t a n g e n t ia l ,  to  th e  s e c t io n .  
T h e  c o m p o n e n t  n o r m a l to  th e  s e c t io n  is  k n o w n  a s  th e  b e n d in g  s t r e s s  
d is t r ib u t io n ,  w h ic h  c o n s is t s  o f c o m p r e s s iv e  s t r e s s  o n  o n e  s id e  o f  th e  
n e u t r a l  a x is  a n d  t e n s ile  s t r e s s  o n  th e  o th e r . T h e s e  c o m p o n e n t s  c a n  b e  
u s e d  f o r  th e  d e t e r m in a t io n  o f  b e n d in g  m o m e n t  u s in g  s im p le  b e n d in g  
t h e o r y . T h e  o t h e r  c o m p o n e n t  t a n g e n t ia l  to th e  s e c t io n  is  th e  s h e a r  
s t r e s s ,  w h ic h  w il l  n o t  b e  d is c u s s e d  in  t h is  s e c t io n  s in c e  e it h e r  th e  
p r e s t r e s s in g  e f fe c t  r e d u c e s  d ia g o n a l t e n s io n  in  th e  p ip e  w a ll  ( t e n d in g  to  
c a u s e  o v a lis a t io n  o f th e  p ip e ) to  a  n e g lig ib le  le v e l, o r  a  r i g i d  p ip e  w it h  
a  la r g e  s e c t io n  o f  s t e e l p la t e  is  a s s u m e d  to b e  s u f f ic ie n t ly  s a f e  in  s h e a r .
T h e  s t r e s s - s t r a i n  r e la t io n s h ip  is  s h o w n  in  F i g u r e  3 .8  u n d e r  th e  
f o llo w in g  f u n d a m e n t a l  a s s u m p t io n s ;  th e  p ip e  w a ll  b e h a v e s  a s  a  l in e a r
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e la s t ic  h o m o g e n e o u s  m a t e r ia l .  M o r e  s im p ly ,  th e  m a x im u m  s t r a in  a t  a n y  
e x t r e m it y  o f  th e  s e c t io n  is  a s s u m e d  to  b e  w it h in  th e  l in e a r  e la s t ic  l im it ,  
t h u s  th e  s t r e s s  c o m p o n e n t s  n o r m a l to  th e  s e c t io n  ( c o m p r e s s io n  a n d  
t e n s io n  o n  e it h e r  s id e  o f  th e  a x is )  a r e  in  p r o p o r t io n  to  th e  d is t a n c e  f r o m  
th e  n e u t r a l  a x is ,  a c c o r d in g  to  H o o k e 's  la w .
F r o m  th e  f ib r e  s t r e s s e s  in d u c e d  a t  in n e r  a n d  o u t e r  f ib r e s , th e  b e n d in g  
m o m e n t  is  g iv e n  b y
w h e r e , i\ i s  th e  s t r e s s  a t  th e  in n e r  a n d  o u te r  f ib r e s , a n d  y ,  is  th e  
c o r r e s p o n d in g  d is t a n c e  f r o m  th e  n e u t r a l  a x is .  I y i s  th e  s e c o n d  m o m e n t  
o f in e r t ia  o f  th e  s e c t io n  o f  th e  b e a m  w it h  r e s p e c t  to th e  n e u t r a l  a x is .
A s  c a n  b e  s e e n  in  E q n  3 .8 , th e  r a t io  o f  f ,  to y j  i s  in v a r ia b le  in  a  
g iv e n  c r o s s - s e c t i o n  o f  b e a m , h e n c e , th e  d is t a n c e  yx in  F i g u r e  3 .8 ( c )  is  
d e r iv e d  a s :
w h e r e , t w is  a  t o ta l w a l l  t h ic k n e s s  ( = y i + y 2 ) . N o w , i f  yx in  E q n  3 .8  
is  r e p la c e d  b y  E q n  3 .9 , th e  b e n d in g  m o m e n t  in  th e  w a ll  c a n  r e a d ily  b e  
o b t a in e d  a s :
T h i s  e q u a t io n  is  b a s e d  o n  th e  s t r e s s e s  a t  th e  in n e r  a n d  o u t e r  f ib r e s  o f  
th e  p ip e  w a l l  c o m p u t e d  b y  p o s t  p r o c e s s in g  th e  F . E .  r e s u lt s .  I n  a  s i m ila r  
w a y ,  W o o d s ( 1 9 9 9 )  h a s  in t r o d u c e d  a  s im p le  m e th o d  fo r  th e  e s t im a t io n  o f  
b e n d in g  m o m e n t  d ir e c t ly  f r o m  th e  in t e g r a t io n  p o in t  o f  L S Q  e le m e n t s .
(3 .8 )
f i  . 
y i  f i — f 2  w
(3 .9 )
M  = ( 3 .1 0 )
-  63 -
3.4 Modelling Compaction Effects in CRISP
D u e  to  th e  c o m p le x it y  o f  th e  s o i l - p i p e  in s t a lla t io n  g e o m e t r y , a  s im p le  
r ig id  r e t a in in g  w a l l  h a s  b e e n  u s e d  to c o n f ir m  th e  p o s s ib i l i t y  o f  a n a ly s e s  
w h ic h  in c o r p o r a t e  th e  c o m p a c t io n  e f fe c t s  in  C R I S P .  T h i s  s e c t io n  
p r o v id e s  a  c o m p a r is o n  b e t w e e n  th e  r e s u lt s  o b t a in e d  f r o m  n u m e r ic a l  
a n a l y s is  b y  th e  w r it e r  a n d  a n  a p p r o x im a t e  a n a ly t ic a l  s o lu t io n  s u g g e s t e d  
b y  In g o ld ( 1 9 7 9 a ) .
F o l lo w in g  T e r z a g h i ( 1 9 3 4 )  w h o  in t r o d u c e d  th e  f a c t  t h a t  th e  c o m p a c t io n  
o f  f i l l  a f f e c t s  la t e r a l  p r e s s u r e ,  n u m e r o u s  in v e s t ig a t o r s  h a v e  a d d r e s s e d  
t h is  p r o b le m  in c lu d in g  R o w e ( 1 9 5 4 )  w h o  p r o p o s e d  a  s t r e s s - s t r a i n  t h e o r y  
a s s o c ia t e d  w it h  la t e r a l  e a r t h  p r e s s u r e s  b y  a  g r a n u la r  f i l l  f o llo w in g  
c o m p a c t io n . T h i s  w o r k  f o r m e d  th e  b a s is  f o r  o t h e r s  in  d e v e lo p in g  m o r e  
c o m p r e h e n s iv e  a n a ly t ic a l  m e th o d s  s u c h  a s  S o w e r s  e t  a l( 1 9 5 7 ) ,  
S c h m it ( 1 9 6 6 ) ,  L a m b e  e t  a l.( 1 9 6 9 ) ,  B r o m s ( 1 9 7 1 ) ,  P r u s k a ( 1 9 7 2  &  1 9 7 3 ) ,  
a n d  In g o ld ( 1 9 7 9 a ,  1 9 7 9 b , &  19 8 0 a ) .  N u m e r ic a l  a n a ly s e s  w e r e  a ls o  
r e p o r t e d  b y  S i m s  e t  a l( 1 9 7 0 ) ,  A g g o u r  a n d  B r o w n ( 1 9 7 4 ) ,  D u n c a n  e t  
a l( 1 9 8 0 ) ,  O u ( 1 9 8 8 ) ,  S e e d  a n d  D u n c a n ( 1 9 8 3 )  a n d  T R R L ( 1 9 7 6 ) ,  e tc . M o s t  
o f  th e  l it e r a t u r e  a b o v e  is  b a s e d  o n  l im it e d  e x p e r im e n t a l r e s u lt s  o b t a in e d  
fro m  e it h e r  la b o r a t o r y  o r  f ie ld  in v e s t ig a t io n s  r e p o r te d  b y  S i m s  e t  a l( 1 9 7 0  
& 1 9 7 4 ) ,  T o o m b s ( 1 9 7 2 ) ,  A n d r a w e s  a n d  B l - S o h b y ( 1 9 7 3 ) ,  C a r d e r  e t  
a l( 1 9 7 5 ,  1 9 7 7  &  19 8 0 ) , C h u n g ( 1 9 8 9 ) ,  S y m o n s  e t  a l( 1 9 8 9  &  1 9 9 2 ) ,  C la y t o n  
e t a l ( 1 9 9 1 )  a n d  S o n g ( 1 9 9 1 ) .
C o m p a c t io n  lo a d in g  is  d e f in e d  a s  " a  t r a n s ie n t  m o v in g  s u r f i c i a l  lo a d  o f  
f in it e  la t e r a l  e x te n t"  ( S e e d  a n d  D u n c a n ,  19 8 6 ) , c a u s in g  a  t e m p o r a r y  
in c r e a s e  in  th e  v e r t ic a l  s t r e s s e s  w it h in  th e  f il l.  I n  c o m p r e s s io n  a n d  
s h e a r  t e s t s ,  a  r e m o v a l  o f  lo a d in g  le a d s  to a  r e la t iv e ly  s m a l l  s t r a in  
r e v e r s a l .  S u c h  a  p h e n o m e n o n  c a n  b e  a p p lie d  to r e t a in in g  s t r u c t u r e s  
w h e r e a s , a ft e r  a p p lic a t io n  o f  c o m p a c t io n  p la n t  to th e  f il l  b e h in d  a  w a ll,  
th e  la t e r a l  p r e s s u r e  in c r e a s e s  n e a r ly  to a  v a lu e  in d ic a t in g  a  s t a t e  o f  
o v e r c o n s o lid a t io n  ( R o w e , 1 9 5 4 ) .  In  o t h e r  w o r d s , th e  c o m p a c t io n  o f  th e  
f i l l  ( r e p r e s e n t in g  a  p r o c e s s  o f  lo a d in g  a n d  u n lo a d in g )  r e s u lt s  in  a  
s ig n if ic a n t  in c r e a s e s  in  r e s id u a l  la t e r a l  p r e s s u r e s  w h ic h  a p p r o a c h  th e  
v a lu e  c o r r e s p o n d in g  to p a s s i v e  p r e s s u r e  ( D u n c a n  a n d  S e e d , 19 8 6 ) .
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A  b r ie f  in t r o d u c t io n  to  c o m p a c t io n  is  g iv e n  in  th e  f o llo w in g  
s u b - s e c t i o n s .  N o  a tt e m p t  is  m a d e  h e r e  to d e s c r ib e  e it h e r  th e  c o m p a c t io n  
e f fe c t  in  c o m p le t e  d e ta il  o r  th e  r e le v a n t  f in ite  e le m e n t  t e c h n iq u e s .
3.4.1 S tress due to vibration effect
C o m p a c t io n  r e s u lt s  in  th e  im p r o v e m e n t  o f th e  e n g in e e r in g  p r o p e r t ie s  o f  
a  f il l,  w h ic h  is  u s u a l ly  r e p r e s e n t e d  b y  s t r e n g t h  a n d  c o m p r e s s ib i l i t y  a s  a  
f u n c t io n  o f  s o il  d e n s it y .  T h e  p h y s ic a l  m e c h a n is m s  o f  v ib r a t io n  a re  
g e n e r a l ly  a d o p te d  in  c o n t r o ll in g  th e  s a n d  d e n s if ic a t io n  to  m e e t  th e  
r e q u ir e m e n t s  f o r  u s e .  H o w e v e r ,  th e r e  a r e  m a n y  u n c e r t a in t ie s  a b o u t  
c o m p a c t io n  w o r k  in  th e  f ie ld . T h e  v a r ia b le s  c a n  b e  c la s s if ie d  in to  tw o  
c a t e g o r ie s ;  f ir s t ly ,  d e t a ils  a b o u t  th e  c o m p a c t io n  p la n t  in c lu d in g  it s  s iz e  
a n d  w e ig h t ,  o p e r a t in g  f r e q u e n c y ,  f o r w a r d  s p e e d , a n d  p r o c e e d in g  
o r ie n t a t io n ; s e c o n d ly ,  p r o p e r t ie s  o f th e  f i l l  m a t e r ia ls  b e in g  c o m p a c t e d  
s u c h  a s  p a r t ic le  s iz e , g r a d a t io n , v o id  r a t io , w a t e r  c o n te n t , e x is t e n c e  o f  
c o h e s io n , e tc .. M o r e o v e r , th e  h e ig h t  o f a n  in d iv id u a l  l if t  o f  f i l l  a n d  th e  
n u m b e r  o f  p a s s e s  a ls o  a f f e c t s  th e  d e g r e e  o f  c o m p a c t io n . S in c e  n o  
q u a lit a t iv e  m e th o d  f o r  e s t im a t in g  th e  d y n a m ic  s t r e s s e s  a n d  s t r a in s  d u e  
to  c o m p a c t io n  e x is t s  in  th e  c u r r e n t  p r a c t ic e , q u a l it a t iv e  e x p e r im e n t a l  
d a t a  fr o m  p u b lis h e d  r e p o r t s  a r e  u s e d  to c la r if y  o u r  u n d e r s t a n d in g  o f  th e  
p r in c ip le  f e a t u r e s  a s s o c ia t e d  w it h  th e  c o m p a c t io n  e ffe c t.
T h e  z o n e s  in f lu e n c e d  b y  d y n a m ic  c o m p a c t io n  p la n t  c a n  b e  d is t in g u is h e d  
in to  th r e e  p a r t s  a s  s h o w n  in  F i g u r e  3 .9 . T h e  f ir s t  r e g io n  is  c a l le d  "fre e  
f a ll  z o n e "  w h e r e  g r e a t  d y n a m ic  s t r e s s e s  a n d  a c c e le r a t io n s  o c c u r  d u e  to  
r e p e t it io n  o f  in t e r v a ls  o f  f r e e - f a l l  b y  im p a c t . T h e  s e c o n d  is  th e  " la r g e  
s t r e s s  f lu c t u a t io n  z o n e "  w h e r e  c o m p a c t io n  is  c a u s e d  b y  s t r e s s  
f lu c t u a t io n s  w it h in  th e  s o i l  a w a y  f r o m  fre e  f a ll  s ta te . F i n a l ly ,  th e  " s h e a r  
f a ilu r e  z o n e "  w h e r e  th e  r e la x a t io n  o f  s t r e s s  o c c u r s  b y  o v e r c o m p a c t io n  o r  
o v e r v ib r a t io n  n e a r  to th e  c o m p a c t io n  p la n t . ( D 'A p p o lo n ia  e t  a l., 1 9 6 9  a n d  
Y o u d ,  1 9 7 2 )
F o r  d e v e lo p in g  c o m p a c t io n  c r it e r ia  a n d  t e c h n iq u e s  in c lu d in g  th e  p r o p e r
s e le c t io n  o f  c o m p a c t io n  p la n t , D 'A p p o lo n ia  et a l.( 1 9 6 9 )  c a r r ie d  o u t  
e x t e n s iv e  t e s t s  b y  u s in g  a  " W a s h in g t o n "  i n - s i t u  d e n s o m e t e r  in  t e s t  p it s .  
F i g u r e  3 . 1 0 ( a )  s h o w s  t y p ic a l  d e n s i t y -d e p t h  c u r v e s  w it h  r e s p e c t  to  th e  
n u m b e r  o f  r o lle r  p a s s e s .  A  5 5 .6  k N  ( 1 2 . 5  k ip )  v ib r a t o r y  r o l le r  w a s  u s e d  
o n  a  s in g le  s o il  la y e r  o f  2 .4  m e tr e  (8  fo o t) to ta l t h ic k n e s s .  T h e  
o p e r a t in g  f r e q u e n c y  a n d  f o r w a r d  s p e e d  o f  th e  r o lle r  w e r e  2 7 .5  c p s  a n d  
a b o u t  0 .6  m e tr e  p e r  s e c o n d , r e s p e c t iv e ly .  F r o m  t h is ,  it  c a n  b e  f o u n d  t h a t  
w it h  in c r e a s in g  th e  n u m b e r  o f  th e  r o lle r  p a s s e s  th e  m a x im u m  d e n s it y  
a n d  e f f e c t iv e  c o m p a c t io n  d e p th  in c r e a s e ,  b u t  th e  c o m p a c t io n  e f f e c t  o f  
th e  u p p e r  p a r t  o f  th e  g r o u n d  d im in is h e s ,  in it ia t in g  f r o m  th e  c r it ic a l  
d e p th  * c , d u e  to  o v e r c o m p a c t io n .
A  d e ta il  o f  d e n s it y  p r o f ile s  f o r  tw o  c o n s e c u t iv e  la y e r s  p la c e d  a n d  
c o m p a c t e d  in  l if t s  o f  0 .6  m e tr e  t h ic k n e s s  i s  p r o v id e d  in  F i g u r e  3 .1 0 ( b ) .  
T h e  s o l id  c u r v e  r e p r e s e n t s  th e  d e n s it y  p r o f ile  a f t e r  c o m p le t io n  o f  
c o m p a c t io n  o n  th e  s e c o n d  lif t , w h ile  th e  d a s h e d  c u r v e  c o r r e s p o n d s  to 
th e  f ir s t  l if t .  A s  h a s  b e e n  e x p e c te d , th e  d e n s it y  o f  th e  s h e a r  f a ilu r e  
z o n e  f o r  th e  f ir s t  l if t  i s  s l ig h t ly  in c r e a s e d  b y  c o n s e c u t iv e  c o m p a c t io n  on  
th e  s e c o n d  lif t , t h u s  th e  f in a l  d e n s it y  o f  th e  f ir s t  l if t  b e c o m e s  th e  to ta l  
s u m  o f  th e  in it ia l  d e n s it y  o f  th e  f ir s t  lif t , th e  in c r e a s e  d u e  to th e  
c o m p a c t io n  o n  t h a t  a n d  th e  in c r e a s e  b y  th e  c o m p a c t io n  o n  th e  s e c o n d  
l if t  ( r e fe r  to th e  b o ld  d a s h e d  l in e ) . T o  p u t  it  m o r e  s im p ly ,  th e  d e n s it y  
c u r v e  o f  th e  f ir s t  la y e r  t e n d s  to d e f le c t  s l ig h t ly  u p w a r d  r e s u lt in g  f r o m  
th e  c o n s e c u t iv e  c o m p a c t io n  o f  th e  s e c o n d  lif t , w h ic h  c o u ld  b e  e x p r e s s e d  
b y  7{ ~  To +  Ayi +  Ay2 . F o r  t h is  r e a s o n , th e  h e ig h t  o f  e a c h  la y e r  s h o u ld  
n o t  b e  m a r k e d ly  g r e a t e r  t h a n  th e  c r i t ic a l  d e p th  z c, in  o r d e r  to  p r e v e n t  
a  lo o s e  la y e r  b e c o m in g  s t r a t if ie d  n e a r  th e  in te r f a c e  b e t w e e n  th e  tw o  
la y e r s .
F o r  v e r t ic a l  s t r e s s  in d u c e d  b y  d y n a m ic  c o m p a c t io n  p la n t , n o  q u a l it a t iv e  
s o lu t io n  t a k in g  a c c o u n t  o f  th e  d y n a m ic  e f fe c t  o f v ib r a t o r y  r o l le r  h a s  
b e e n  p r o v id e d , a lt h o u g h  s t u d ie s  o n  t h is  s u b je c t  h a v e  b e e n  m a d e  b y  
m a n y  r e s e a r c h e r s  in  b o th  w a y s ;  th e  e x p e r im e n t a l  a p p r o a c h  b y  
W h if f e n ( 1 9 5 4 ) ,  D 'A p p o lo n ia  e t  a l .( 1 9 6 9 ) ,  T o o m b s ( 1 9 7 2 ) ,  a n d  th e
th e o r e t ic a l a p p r o a c h  b y  S e l ig ( 1 9 6 3 ) ,  Y o o  e t  a l .( 1 9 7 9 ) ,  In g o ld  ( 1 9 7 9 a ) ,  e tc ..  
H e n c e , th e  to ta l f o r c e  g e n e r a t e d  b y  d y n a m ic  c o m p a c t io n  is  n o r m a lly
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c a lc u la t e d  a s  t w ic e  th e  s t a t ic  lo a d  b a s e d  o n  l im it e d  e x p e r im e n t a l  w o r k  
c a r r ie d  o u t  b y  W h if f e n ( 1 9 5 4 )  a n d  D 'A p p o lo n ia  e t a l .( 1 9 6 9 ) .  H o w e v e r ,  if  
th e  c e n t r if u g a l  f o r c e  is  k n o w n , th e  l in e  lo a d  c a n  b e  o b t a in e d  b y  th e  
s u m m a t io n  o f  s t a t ic  lo a d  a n d  c e n t r if u g a l  v ib r a t o r  f o r c e . ( In g o ld , 1 9 7 9 a  
a n d  C la y t o n  e t  a l., 19 8 6 ) .
3.4.2 Lateral pressures in a granular fill
T h e  s t r e s s  p a th  f o r  c o m p a c t io n  p r e s s u r e s  fo r  a  g r a n u la r  s o i l  c a n  b e  
m o d e lle d  u s i n g  th e  r e s u lt s  o f  a  K 0 t r ia x ia l  t e s t  fo r  n o r m a lly  c o n s o lid a t e d  
lo a d in g , w h e r e  th e  c e ll  p r e s s u r e  is  c o n t r o lle d  to m a in t a in  th e  in it ia l  
d ia m e t e r  o f  th e  s p e c im e n  d u r in g  th e  in c r e a s e  a n d /o r  d e c r e a s e  o f  th e  
v e r t ic a l  p r e s s u r e .  F i g u r e  3 . 1 1  s h o w s  a t y p i c a l  s in g le  c y c le  o f  th e  
n o n - l i n e a r  s t r e s s  p a t h  m o d e l f o r  a  g r a n u la r  so il.
A n d r a w e s  e t  a l . ( 1 9 7 3 )  d e f in e s  th e  c o e f f ic ie n t  o f  e a r th  p r e s s u r e  a t  r e s t  a s  
"th e  r a t io  o f th e  in c r e m e n t  in  th e  m in o r  p r in c ip a l  e f f e c t iv e  s t r e s s  to  th e  
c o r r e s p o n d in g  in c r e m e n t  in  th e  m a jo r  p r in c ip a l  e f f e c t iv e  s t r e s s  w h e n  n o  
s t r a in  o c c u r s  in  th e  d ir e c t io n  o f  th e  m in o r  p r in c ip a l  s t r e s s " .  T h u s ,  
in c r e a s in g  th e  v e r t ic a l  s t r e s s  o n  th e  s p e c im e n  g r a d u a lly  a t  f ir s t  lo a d in g ,  
th e  c e l l  p r e s s u r e  s h o u ld  a ls o  b e  in c r e a s e d  to  r e s t r a in  th e  s a m p le  f r o m  
b a r r e l l in g .  T h i s  m e a n s  t h a t  th e  r a t io  o f h o r iz o n t a l to  v e r t ic a l  e f f e c t iv e  
p r in c ip a l  s t r e s s  K 0, r e m a in s  c o n s t a n t ,  w it h  o f = K 0av'. F o r  th e  m o d e llin g  
o f  a  t r ia x ia l  t e s t  id e a l is in g  th e  s t r e s s  p a th  f o llo w e d  b y  a  g r a n u la r  s o il  
u n d e r g o in g  c o m p a c t io n , th e  c o e f f ic ie n t  o f  la t e r a l  e a r t h  p r e s s u r e  a t  r e s t  
f o r  p r im a r y  lo a d in g  c a n  b e  r e p r e s e n t e d  b y  J a k y ' s ( 1 9 4 4 )  e q u a t io n  fo r  
n o r m a lly  c o n s o lid a t e d  s o il,  w h ic h  is  p r o b a b ly  th e  s im p le s t  a n d  m o s t  
r e lia b le , ( C a r d e r  e t a l., 1 9 7 7 ;  S e e d  &  D u n c a n ,  19 8 4 ; C la y t o n ,  19 8 6 ; O u ,  
19 8 8 ) . T h a t  is  K 0 =  l  — s in  A ,  w h e r e  f  i s  th e  e f f e c t iv e  s t r e s s  f r ic t io n  
a n g le  o f  s o il  e v a lu a t e d  e x p e r im e n t a l ly  b y  c o n v e n t io n a l d r a in e d  t r ia x ia l  o r  
d ir e c t  s h e a r  t e s t s .  M a y n e  e t  a l .( 1 9 8 2 )  c o n f ir m e d  t h a t  J a k y ' s  s im p le  
r e la t io n s h ip  ( c o n s id e r in g  o n ly  th e  f r ic t io n  a n g le )  is  g e n e r a l ly  r e a s o n a b le  
f o r  p r im a r y  lo a d in g  w it h  r e s p e c t  to th e  la b o r a t o r y  d a t a  c o m p ile d  f r o m  
o v e r  1 7 0  d if f e r e n t  s o i ls  te s t e d  a n d  r e p o r te d  b y  m a n y  r e s e a r c h e r s .  T h e y  
a ls o  p e r fo r m e d  a  s t a t is t ic a l  a n a l y s is  to  e s t a b l is h  th e  in d iv id u a l  e q u a t io n s
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f o r  c o h e s iv e  a n d  c o h e s io n le s s  s o i ls  b a s e d  o n  J a k y ' s  e q u a t io n . C o l le c t in g  
a ll  a v a i la b le  d a t a  c o r r e s p o n d in g  to  1 2 1  c l a y s  a n d  s a n d s ,  a  b e s t  f it  l in e  
w a s  d e r iv e d  f r o m  a  l in e a r  r e g r e s s io n  a n a ly s is ,  K 0 =  1  — 1 .0 0 3  s in  4> ,
A n d r a w e s  e t  a l ( 1 9 7 3 )  p e r fo r m e d  a n  in v e s t ig a t io n  o f  th e  f a c t o r s  a f f e c t in g  
th e  v a lu e  o f K 0, u s i n g  t r i a x i a l  t e s t  r e s u l t s  f r o m  4 in . b y  4  in . lo o s e  
a n d  d e n s e  s a n d  s a m p le s  w it h  f r e e -e n d  p la t e n s . T h e  f a c t o r s  w e r e  
c la s s if ie d  in to  t w o  m a in  c a t e g o r ie s ,  c o n c e r n in g  th e  e f fe c t  o f  th e  a p p lie d  
s t r a in  c o n d it io n  a n d  th e  p h y s ic a l  p r o p e r t ie s  o f  th e  s o il.  T a b l e  3 . 1  
s u m m a r iz e s  th e  p r o p e r t ie s  o f  f o u r  d if f e r e n t  m a t e r ia ls  o n  th e  lo o s e  a n d  
d e n s e  s t a t e s . A c c o r d in g  to th e  t e s t  r e s u lt s ,  it  w a s  c o n c lu d e d  t h a t  th e  
c o e f f ic ie n t  o f  e a r t h  p r e s s u r e  a t - r e s t  i s  m a in ly  g o v e r n e d  b y  th e  tru e  
a n g le  o f  f r ic t io n  b e t w e e n  p a r t ic le s  ( f f )  id e n t if ie d  b y  R o w e ( 1 9 6 2 ) .  W it h  
in c r e a s in g  v a lu e s  o f  p o r o s it y , c r u s h in g ,  a n d  e la s t ic  m o d u lu s  o f  th e  
m in e r a l  p a r t ic le s ,  th e  v a lu e  o f  K 0 in c r e a s e s .  M o r e o v e r , it  w a s  
e m p h a s is e d  t h a t  th e  c a u s e  o f  a n  in c r e a s e  in  th e  s a m p le  d ia m e t e r  d u r in g  
lo a d in g  i s  d u e  to p la s t ic  s t r a in  w h e r e a s  e la s t ic  d e fo r m a t io n  r e s u lt s  in  a  
d e c r e a s e  in  th e  d ia m e t e r . A s  a  r e s u lt ,  lo o s e  s a n d  t e n d s  to  d e fo r m  m o r e  
s ig n if ic a n t ly  c o m p a r e d  w it h  d e n s e  s a n d  a t  a  g iv e n  c o n d it io n , s in c e  th e  
m a g n it u d e  o f  ir r e c o v e r a b le  d e fo r m a t io n  o f  lo o s e  s a n d  is  m u c h  h ig h e r  
t h a n  t h a t  o f  d e n s e  s a n d . T h e r e f o r e ,  s a n d  m a t e r ia l  in  a  lo o s e  s t a t e  
c a u s e s  a  h ig h e r  v a lu e  o f  K 0 to  b e  in d u c e d . F r o m  th e  a b o v e , J a k y ' s  
e q u a t io n  c o r r e la t in g  o n ly  to  th e  e f f e c t iv e  s t r e s s  f r ic t io n  a n g le  o f  s o i l  a s  
a  f u n c t io n  o f s t r e s s  h is t o r y  s e e m s  to b e  g e n e r a l ly  r e a s o n a b le  f o r  m o s t  
e n g in e e r in g  p u r p o s e s ,  a n d  h a s  th e  a t t r a c t io n  o f s im p lic it y .
R e t u r n in g  to  F i g u r e  3 . 1 1 ,  d e c r e a s in g  th e  v e r t ic a l  s t r e s s  g r a d u a lly  f r o m  
th e  p e a k  p o in t  A ,  lit t le  r e d u c t io n  in  th e  c e ll  p r e s s u r e  is  in it ia l ly  r e q u ir e d  
in  o r d e r  to m a in t a in  z e r o  la t e r a l  s t r a in  c o n d it io n s . H o w e v e r ,  w h e n  th e  
v e r t ic a l  s t r e s s  a p p r o a c h e s  th e  h o r iz o n t a l  s t r e s s ,  in c r e a s in g  r e d u c t io n  o f  
h o r iz o n t a l  s t r e s s  b e c o m e s  n e c e s s a r y .  A s  th e  v e r t ic a l  s t r e s s  is  f u r t h e r  
r e d u c e d , th e  p a s s i v e  f a ilu r e  s t a t e  w il l  b e  a p p ro a c h e d , a n d  e v e n t u a l ly  th e  
u n lo a d in g  c u r v e  m o v e s  d o w n  to p o in t  B .  T h e  s t r e s s  p a th  b e t w e e n  
p o in t s  B  a n d  C  w it h  a n  a p p r o x im a t e ly  l in e a r  p a th  is  e x p r e s s e d  a s  
K r o h /  o v.
In g o ld ( 1 9 7 9 b )  s u g g e s t e d  t h a t  K a a n d  K p b a s e d  o n  th e  M o h r -C o u l o m b  
f a ilu r e  c r i t e r ia  c a n  b e  u s e d  f o r  th e  la t e r a l  p r e s s u r e  r a t io s  f o r  lo a d in g  
a n d  u n lo a d in g  c u r v e s  u n d e r  th e  c o n s id e r a t io n  o f l im it in g  p a s s i v e  f a ilu r e .  
T h i s  a s s u m p t io n  w a s  p a r t ia l ly  o r  f u l ly  a g r e e d  b y  s o m e  r e s e a r c h e r s  
( P r u s k a ,  1 9 7 3 ;  M a y n e  e t  a l., 19 8 2 .) .  H o w e v e r ,  f r o m  th e  v ie w  p o in t  o f  
e x p e r im e n t s  a t  p ilo t  s c a le  c a r r ie d  o u t  b y  C a r d e r  e t a l . ( 1 9 7 7 ) ,  i t  i s  m o r e  
r e a s o n a b le  to  u s e  K 0 a n d  K r = l / K 0 r a t h e r  t h a n  K a a n d  K p , p a r t ic u la r ly  
in  th e  c a s e  o f a  r i g i d  s t r u c t u r e ,  w h e r e  th e  v a lu e  o f  K 0 is  b a s e d  o n  th e  
J a k y ' s ( 1 9 4 4 )  e q u a t io n  f o r  g r a n u l a r  s o i ls .  ( B r o m s , 1 9 7 1 ;  C l a y t o n  e t a l.,  
1 9 9 1 ;  M u r r a y ,  19 8 0 ; L a m b e  e t  a l., 1 9 6 9 ;  S y m o n s  e t  a l., 19 8 9  &  1 9 9 2 )
3.4.3 Sim plified b i-linear stress path model
A  s im p lif ie d  a n a ly t ic a l  p r o c e d u r e  w a s  d e v e lo p e d  b y  B r o m s ( 1 9 7 1 ) ,  w h ic h  
t a k e s  in to  a c c o u n t  th e  h y s t e r e t ic  lo a d in g  a n d  u n lo a d in g  b e h a v io u r  o f
g r a n u la r  s o i ls .  F i g u r e s  3 . 1 2 ( a )  d e t a ils  a  s im p le  s t r e s s  p a th  f o r  a  s h a llo w  
s o i l  e le m e n t  a n d  F i g u r e  3 . 1 2 ( b )  fo r  a  d e e p e r  s o il  e le m e n t, d u r in g  lo a d in g  
a n d  u n lo a d in g . P o in t  A  in d ic a t e s  th e  in it ia l  s t a t e  o f  s t r e s s  a t  r e s t ;  i.e . 
th e  s t a t e  b e fo r e  c o m p a c t io n  t a k e s  p la c e  o n  th e  s u r f a c e  o f  th e  f il l.  T h e  
la t e r a l e a r t h  p r e s s u r e  c a n  th e r e fo r e  b e  e x p r e s s e d  b y  c r ' h i = K 0 < /vi,
w h e r e  < /M, u vi a n d  K 0 a re  th e  in it ia l  la t e r a l e f f e c t iv e  s t r e s s ,  in it ia l  
v e r t ic a l  e f f e c t iv e  s t r e s s  (th e  o v e r b u r d e n  p r e s s u r e ) ,  a n d  c o e f f ic ie n t  o f  
la t e r a l  e a r t h  p r e s s u r e  a t  r e s t  d u r in g  lo a d in g  ( a s s u m in g  K 0 = l — s in  A ) ,  
r e s p e c t iv e ly .
W h e n  th e  c o m p a c t io n  p la n t  is  p o s it io n e d  a b o v e  th e  s o il  e le m e n t  th e
v e r t ic a l  s t r e s s  w il l  b e  in c r e a s e d , w h e n c e  th e  s t r e s s  p a th  f o llo w s  fr o m  A  
to B .  T h e  e q u a t io n  f o r  la t e r a l  e a r th  p r e s s u r e  is  th e n  r e p la c e d  b y
d hm ~  K 0 d  vm, w h e r e  u hm is  th e  la t e r a l  e f f e c t iv e  s t r e s s  a n d  ( j'TO th e  
v e r t ic a l  e f f e c t iv e  s t r e s s .  T h e  v e r t ic a l  e f f e c t iv e  s t r e s s  d  ^ , i s  o b t a in e d  
b y  a d d in g  th e  in c r e a s e  in  v e r t ic a l  s t r e s s  d u r in g  lo a d in g , Aov , to th e  
g e o s t a t ic  p r e s s u r e  o f  f il l  m a t e r ia l  ( i.e . r z  + AI a). O n c e  th e  c o m p a c t io n  
p la n t  m o v e s  a w a y  f r o m  th e  f il l,  th e  v e r t ic a l  s t r e s s  d  vm , a t  a  s h a l lo w  
d e p th  d e c r e a s e s  u n t i l  th e  o r ig in a l  v e r t ic a l  s t r e s s  d vi i s  r e g a in e d .
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A lt h o u g h  v e r t ic a l  s t r e s s  is  r e d u c e d  a ft e r  f ir s t  lo a d in g , a  la r g e  p r o p o r t io n  
o f  th e  in c r e a s e d  la t e r a l  s t r e s s  r e m a in s .  H e n c e ,  it  is  a s s u m e d  t h a t  th e
s t r e s s  p a t h  f o llo w s  l in e  BC u n t il  th e  v e r t ic a l  s t r e s s  r e a c h e s  p o in t  C ,
a ft e r  w h ic h  it  f o llo w s  th e  K r l in e  ( i.e . d h= K r o \  w h e r e  K r is  th e  
c o e f f ic ie n t  o f  l im it in g  e a r t h  p r e s s u r e  fo r  u n lo a d in g  a t  r e s t ) .  O n  th e  o t h e r  
h a n d , in  F i g u r e  3 . 1 2 ( b )  th e  m a x im u m  la t e r a l  e f f e c t iv e  s t r e s s  a t  d e p th  
u p o n  u n lo a d in g  0 iunt i s  r e t a in e d  a t  p o in t  C ' .  H o w e v e r ,  th e  r a t e  o f  
in c r e a s e  o f  la t e r a l  p r e s s u r e  is  in s ig n if ic a n t  c o m p a r e d  to th e  s h a l lo w  s o il  
e le m e n t .
A  c r i t ic a l  d e p th  z c, w h e r e  th e  s t r e s s  s t a t e  f o llo w in g  u n lo a d in g  r e t u r n s  
to C ,  is  r o u g h ly  e s t im a t e d  b y  z c =  K 02 0 vm/ y  ( C la y t o n  e t  a l., 1 9 9 3 ) .  A t  
s h a l lo w  d e p th , w h e r e  th e  in c r e a s e  o f v e r t ic a l  p r e s s u r e  d u e  to 
c o m p a c t io n  is  m u c h  h ig h e r  t h a n  th e  s e lf  w e ig h t  o f  th e  f i l l  ( z ? 0> y z ) ,  th e
c r it ic a l  d e p th  is  f u r t h e r  s im p lif ie d  b y  a s s u m in g  y z  to b e  n e g lig ib le ;  i.e .
z c ~  K 02 /iovl y . E v e n t u a l ly ,  o n c e  th e  c o m p a c t io n  p la n t  is  r e m o v e d ,  
m a t e r ia l  d e e p e r  t h a n  th e  c r i t i c a l  d e p th  r e t a in s  it s  r e s id u a l  la t e r a l  s t r e s s ,  
( s in c e  th e  la t e r a l  s t r a in s  a re  la r g e ly  p la s t ic  a n d  th e r e fo r e  ir r e c o v e r a b le )  
w h ile  th e  la t e r a l  s t r e s s  s h a l lo w e r  t h a n  th e  c r it ic a l  d e p th  a p p r o a c h e s  
K r 0V .
3.4.4 Application of elastic  theory to practice
I n g o ld ( 1 9 7 9 a )  h a s  m a d e  a  u s e f u l  a p p r o x im a t io n  f o r  la t e r a l  e a r th  
p r e s s u r e s ,  u s in g  H o l T s ( 1 9 4 i )  a n a ly t ic a l  m e th o d  to e v a lu a t e  th e  s t r e s s e s  
b e lo w  th e  g r o u n d  s u r f a c e  in d u c e d  b y  a n  in f in it e  l in e  lo a d  o n  a n  e la s t ic  
h a lf  s p a c e . T h e  v e r t ic a l  s t r e s s  in c r e a s e  a t  d e p th  z ,  im m e d ia t e ly  b e lo w  
th e  l in e  lo a d  p , is  g iv e n  b y  Bov — 2 p /  k z . In g o ld ( 1 9 8 0 b )  p o in t e d  o u t  t h a t  
th e  r e s u lt in g  e r r o r  d u e  to th e  l im it e d  r o lle r  w id t h  is  g e n e r a l ly  
in s ig n if ic a n t  e x c e p t  f o r  v e r y  n a r r o w  r o lle r  w id t h s .
F i g u r e  3 . 1 3 ( a )  d e p ic t s  th e  la t e r a l  e a r t h  p r e s s u r e  d is t r ib u t io n  d u r in g  
c o m p a c t io n  a t  th e  s u r f a c e  o f  a  f ill.  D o tt e d  l in e s  "1" a n d  "3" c o r r e s p o n d  
to a  c o n v e n t io n a l  a c t iv e  la t e r a l  p r e s s u r e  d u e  to  th e  e a r t h  f i l l  a n d  a
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p a s s i v e  s t a t e , r e s p e c t iv e ly .  C u r v e  "2"  r e p r e s e n t s  a n  in c r e a s e  o f  th e  
la t e r a l  e a r t h  p r e s s u r e  d u e  to c o m p a c t io n . F i g u r e  3 . 1 3 ( b )  h ig h l ig h t s  a  
lo c u s  o f  th e  m a x im u m  c o m p a c t io n  p r e s s u r e  a t  r e s t , in d ic a t in g  th e  
r e d u c t io n  o f  la t e r a l  s t r e s s  a b o v e  th e  c r i t ic a l  d e p th  zc, w h e r e a s  th e  
in c r e a s e d  la t e r a l  s t r e s s  b e lo w  th e  c r i t i c a l  d e p th  r e m a in s .  H o w e v e r ,  it  is  
n o te d  t h a t  f r o m  th e  c r i t ic a l  h e ig h t  h c th e  a c t iv e  la t e r a l  e a r t h  p r e s s u r e  
t e n d s  to b e  g r e a t e r  t h a n  th e  p r e s s u r e  d u e  to  c o m p a c t io n .
I t  is  c la im e d  th a t, u n d e r  m o s t  c ir c u m s t a n c e s ,  th e  la t e r a l  p r e s s u r e s  d u e  
to c o m p a c t io n  w il l  n o t  b e  a s  h ig h  a s  K 0 d  vm, s in c e  th e  f i l l  is  a t  le a s t  
p a r t ia l ly  a b le  to  y ie ld  in  th e  h o r iz o n t a l  d ir e c t io n  d u r in g  c o m p a c t io n .  
B e s id e s ,  S p a n g le r ( 1 9 3 6 )  r e p o r t e d  th a t, in  h is  e x p e r im e n t s , th e  p r e s s u r e  
d is t r ib u t io n s  o n  th e  r e t a in in g  w a l l  w e r e  c o n s id e r a b ly  g r e a t e r  t h a n  th o s e  
e x p e c te d  f r o m  th e  B o u s s in e s q  s o lu t io n  fo r  a  p o in t  lo a d . In  r e s p o n s e ,  
M in d l in ( 1 9 3 6 )  in t r o d u c e d  th e  " m e th o d  o f  im a g e s "  r e s u lt in g  in  d o u b le  
s t r e s s  o n  a  s m o o th  u n y ie ld in g  w a l l  c o m p a r e d  w it h  th e  g e n e r a l  s o lu t io n .  
I n  c o n c lu s io n ,  d if f ic u lt ie s  e x is t  in  m a k in g  e la s t ic  p r e d ic t io n s  a d ja c e n t  to 
r e t a in in g  w a l ls ,  a s  c l a s s ic a l  s o lu t io n s  u t i l is e  lo a d s  o n  th e  s u r f a c e  o f  a n  
e la s t ic  h a lf  s p a c e .
3.4.5 Num erical an alysis of stress  on a retaining w all w ith /w ithou t 
interface elem ents
N u m e r ic a l  a n a ly s e s  h a v e  b e e n  p e r fo r m e d  b y  th e  w r it e r  to  e x a m in e  th e  
c o m p a c t io n  e f fe c t  in  C R I S P ,  b y  c o m p a r is o n  w it h  th e  t r e n d  o f  s t r e s s  
d is t r ib u t io n  s h o w n  in  F i g u r e  3 . 1 3 .  A s  s t a t e d  e a r lie r , a  s im p le  r ig id  
r e t a in in g  w a l l  w a s  u s e d  f o r  th e  p r e l im in a r y  a n a ly s e s .  S in c e  C R I S P  h a s  
n o  f u n c t io n s  to m o d e l s t a t ic  a n d  d y n a m ic  l in e  lo a d s  ( n o r m a l to  th e  w a l l  
f a c e )  im p o s e d  o n  th e  s u r f a c e  o f  e a c h  f il l  la y e r , v a r io u s  lo a d in g  c a s e s  
h a v e  b e e n  e x a m in e d , in c lu d in g  th e  d is t r ib u t e d  lo a d  a n d  l in e  lo a d  r u n n in g  
p a r a lle l  w it h  th e  w a l l  f a c e , b u t  l im it e d  d a t a  w il l  b e  in c lu d e d  in  t h is  
t h e s is .  I t  is  n e a r ly  im p o s s ib le  to id e n t if y  th e  m a g n it u d e  o f  th e  lo a d  
im p o s e d  o n  th e  s u r f a c e  o f  e a c h  la y e r  a s  a n  in p u t  d a ta , a lt h o u g h  t h is  
a p p e a r s  to  b e  in s ig n if ic a n t  in  th e  r e s u lt s  o f  th e  a n a ly s is .
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T h e  in c lu s io n  o f  in t e r f a c e  e le m e n t s  g r e a t ly  a f f e c t s  th e  m o d e lle d  
p e r f o r m a n c e  o f  u n d e r g r o u n d  s t r u c t u r e s  in  s o m e  s it u a t io n s .  T h i s  s e c t io n  
th e r e fo r e  c o n s id e r s  b o t h  c a s e s ;  w it h  a n d  w it h o u t  in t e r f a c e  e le m e n t s  
b e t w e e n  tw o  m e d ia .
3.4.5.1 W ithout interface elem ents
In  c o n v e n t io n a l  im p le m e n t a t io n s  o f  n u m e r ic a l  a n a ly s e s ,  th e  c o n s t r a in t  o f  
n o  o v e r la p p in g  b e t w e e n  a d ja c e n t  e le m e n t s , c o m b in e d  w it h  c o m p a t ib il it y  
r e q u ir e m e n t s ,  r e q u ir e s  th e  in t e r f a c e  to  b e  * f u l ly  b o n d e d . F i g u r e  3 . 1 4  
i l lu s t r a t e s  th e  d is t r ib u t io n  o f la t e r a l  p r e s s u r e  in d u c e d  b y  b a c k f i l l  a t  e a c h  
s u c c e s s i v e  la y e r  (3 0 0  m m  t h ic k n e s s )  a c c o m p a n ie d  b y  c o m p a c t io n  w it h  a  
s t a t ic  r o lle r  f r o m  th e  lo w e r  g r o u n d  s u r f a c e .  S t r ic t ly  s p e a k in g , it  d e p ic ts  
th e  h o r iz o n t a l  s t r e s s e s  a t  th e  c o m e r  n o d e s  a lo n g  th e  e d g e  o f  th e  s o il  
( S e e  n o d e  n u m b e r s  1  a n d  4 in  F i g u r e  3 .3 .)  c o n t a c t in g  th e  w a l l  fa c e .  
A s  w a s  e x p e c te d , n e it h e r  th e  e la s t ic  p e r f e c t ly  p la s t ic  s o il  m o d e l n o r  th e  
e la s t ic  s o i l  m o d e l p r o v id e d  u s e f u l  in f o r m a t io n  t h r o u g h o u t  th e  a n a ly s e s .  
T h e  o b s e r v a t io n s  a re  s u m m a r is e d  a s  f o llo w s ;
♦  W h e n  u n lo a d in g , n o  d is s ip a t io n  o f  in p u t  e n e r g y  in  th e  s o i ls  
a b o v e  th e  c r i t ic a l  d e p th  (th e  s h e a r  f a ilu r e  z o n e )  o c c u r s ,  w h ic h  is  
a  m a jo r  d e f ic ie n c y  o f  th e  c u r r e n t  C R I S P  p r o g r a m .
♦  T h e  m a g n it u d e  o f  la t e r a l p r e s s u r e s  t e n d s  to in c r e a s e  m o r e  h ig h ly  
t h a n  e x p e c te d  d u e  to  a n  e x c e s s iv e  e x p a n s io n  o f th e  s o i l  d u r in g  
c o n s o lid a t io n . F o r  in s t a n c e ,  A p p e n d ix  A l - 1  r e p r e s e n t s  a  
c o m p r e s s io n  s t a t e  w h e n  th e  b o u n d a r y  o f  a  c u r r e n t  b a c k f i l l  la y e r  
is  lo a d e d  in  2 0  e q u a l in c r e m e n t s .  A l - 2  c o r r e s p o n d s  to  th e  s t a t e  
w h e n  th e  lo a d  is  c o m p le t e ly  r e m o v e d  fr o m  th e  s u r f a c e  o f  th e  
s o il  m a s s  in  2 0  e q u a l in c r e m e n t s .  F i n a l ly ,  in  A l - 3 ,  c o n s o lid a t io n  
t a k e s  p la c e  f o r  a  p e r io d  o f  t im e  (5 0  in c r e m e n t s )  w it h  n o  
e x t e r n a l  lo a d s  im p o s e d .
+  I n  g e n e r a l,  lo a d in g  le a d s  to  v o lu m e  c h a n g e  in  a  s o i l  m a s s ,
c o n s is t in g  o f e la s t ic  a n d  p la s t ic  d e fo r m a tio n . F o l lo w in g  u n lo a d in g ,
e la s t ic  d e f o r m a t io n  s h o u ld  b e  r e c o v e r e d , w h ile  th e  p la s t ic  
d e f o r m a t io n  is  p e r m a n e n t . T h i s  r e c o v e r y  r e s u lt s  in  a n  in c r e a s e  
o f la t e r a l  p r e s s u r e ,  w h ic h  is  n o r m a lly  g r e a t e r  t h a n  th e  g e o s t a t ic  
la t e r a l  p r e s s u r e  ( a t  z e r o  la t e r a l  s t r a in  c o n d it io n s )  w it h in  th e  
b o u n d a r y  o f  c r i t ic a l  h e ig h t  ( h c ).
♦  T h e  la t e r a l  p r e s s u r e s  s h o u ld  b e  a lm o s t  id e n t ic a l  w it h  e a c h  o th e r,  
i r r e s p e c t iv e  o f  th e  m a g n it u d e  o f  th e  e x t e r n a l  lo a d s , s in c e  th e  
r e s u lt a n t  s t r e s s  is  t o t a lly  d e p e n d e n t  o n  th e  s t r e n g t h  p r o p e r t ie s  
( R e f e r  to F i g u r e  3 . 1 1 ,  w h e r e  th e  f in a l  s t r e s s  r e a c h e s  p o in t  C ,  
h o w e v e r , it  t e n d s  to  s l ig h t ly  in c r e a s e  w it h  r e p e t it io n  o f  lo a d in g  
a n d  u n lo a d in g .) .
N e v e r t h e le s s ,  th e  t r e n d  o f  p r e s s u r e  p a t t e r n s  a re  a lm o s t  id e n t ic a l  to  th e  
p r e v io u s  e x p e r im e n t a l  w o r k s  c a r r ie d  o u t  b y  S im s  e t  a l .( 1 9 7 0 )  a n d  B r o m s  
a n d  In g e ls o n  ( 1 9 7 1 ) ,  in  r e s p e c t  o f  th e  p r e s s u r e  d is t r ib u t io n  p r o d u c e d  
a lo n g  th e  w a l l  f a c e . M o r e o v e r , th e  s t r e s s e s  a c t in g  o n  th e  m id d le  t h ir d  
o f th e  w a l l  w e r e  a lw a y s  h ig h e r  t h a n  t h o s e  o n  th e  lo w e r  p a r t , f o r m in g  a  
t r a p e z o id a l s h a p e .
3.4.5.2 W ith interface elem ents (LSQ)
In t e r f a c e  ( s l ip )  e le m e n t s  a r e  w id e ly  u s e d  to m o d e l th e  ju n c t io n  o f, tw o  
m e d ia  ( s t r u c t u r e  a n d  s u r r o u n d in g  s o ils ) ,  w h ic h  a llo w s  r e la t iv e  
d is p la c e m e n t ;  f o r  e x a m p le , a n a l y s is  o f  s o i l - r e in f o r c e m e n t  in t e r a c t io n  
( G e n s  e t  a l . ;1 9 8 8 ) ,  r o c k  jo in t s  ( G o o d m a n  e t  a l. ;1 9 6 8 ) ,  a n d  s o i l - s t r u c t u r e  
in t e r a c t io n  ( N g  e t  a l . ; l9 9 8 ) ,  e tc .. T h e  m e th o d s  f o r  m o d e ll in g  o f  
in t e r f a c e s / jo in t s  f a ll  in to  o n e  o f  tw o  c a t e g o r ie s .  T h e  f ir s t  m o d e l u s e s  
d is c r e t e  s p r in g s  f o r  th e  d is c o n t in u o u s  b e h a v io u r  a t  th e  in t e r f a c e  a s  
s h o w n  in  F i g u r e  3 . 1 5 ( a ) ,  a n d  th e  s e c o n d  is  a  q u a s i -c o n t in u u m  o f s m a ll  
t h ic k n e s s .  T h e  la t t e r  is  s u b d iv id e d  in to ; ( i)  th e  c o n v e n t io n a l f in ite  
e le m e n t  w it h  t h in  la y e r  s h o w n  in  F i g u r e  3 . 1 5 ( b ) ,  w h e r e  th e  m a t e r ia l  
ty p e  is  u s u a l l y  id e n t ic a l  w it h  th e  m a in  s t r u c t u r e  o r  s o il  e le m e n t s  
( G r if f it h s ;  1 9 8 5 ,  a n d  D e s a i  e t  a l. ;1 9 8 8 ) ,  a n d  ( ii)  th e  z e r o  t h ic k n e s s  
in t e r f a c e  e le m e n t  s h o w n  in  F i g u r e  3 . 1 5 ( c ) ,  w it h  r e s t r ic t e d  t e n s io n
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f u n c t io n  in  w h ic h  th e  r e la t iv e  d is p la c e m e n t  b e tw e e n  s o il  a n d  s t r u c t u r e  
is  th e  m a in  v a r ia b le s  ( G o o d m a n  e t  a l. ;1 9 6 8 , B e e r l l9 8 5 ,  G e n s  e t  a l. ;1 9 8 8  
a n d  N g  e t  a l. ; 1 9 9 8 ) .  T h i s  z e ro  t h ic k n e s s  in t e r f a c e  e le m e n t  im p lie s  t h a t  
tw o  a d ja c e n t  n o d e s  a lo n g  th e  la r g e r  d im e n s io n  c a n  b e  g iv e n  th e  s a m e  
c o -o r d in a t e s  a s  th e  c o r r e s p o n d in g  e le m e n t  o f  th e  m a in  s t r u c t u r e .  T h i s  
r e s u lt s  in  p o s s ib le  o v e r la p p in g  o f  th e  in t e r f a c e  e le m e n t s  o n  th e  
s u r r o u n d in g  s t r u c t u r a l  e le m e n t s .
N o r m a l  a n d  s h e a r  s t r e s s - s t r a i n  b e h a v io u r  o f th e  in t e r f a c e  e le m e n t  in  
d ir e c t  s h e a r  t e s t in g  e x h ib it  c lo s u r e  o f  th e  in t e r f a c e  in  c o m p r e s s io n  s t a t e ,  
d e b o n d in g  a t  e v e n  a  s m a l l  t e n s ile  s t r e s s ,  a n d  s l ip  a t  a  l im it in g  s h e a r  
s t r e s s .  T h e  id e a l is a t io n  o f  th e  d e b o n d in g  s t a t e  is  a s s u m e d  to c o m m e n c e  
a t  th e  t r a n s it io n  f r o m  c o m p r e s s iv e  to t e n s ile  a t  th e  n o r m a l s t r e s s .  T h e  
m o d e s  o f  d e fo r m a t io n  a t  a n  in t e r f a c e  d u e  to s t r e s s  c y c l i n g  a re  
d is t in g u is h e d  a s  n o n - s l i p ,  s l ip ,  u n lo a d in g , d e b o n d in g  a n d  r e b o n d in g ,  
w h ic h  e v e n t u a l ly  r e s u lt s  in  th e  in c r e a s e  o r  d e c r e a s e  o f  n o r m a l  a n d  
s h e a r  s t r e s s e s  o f  th e  in t e r f a c e  e le m e n t. ( N g  e t  a l . ; 1 9 9 8  a n d  D e s a i  et  
a l. ; l9 8 8 )
Interface elem ents in CRISP
T h e  c u r r e n t  in t e r f a c e  e le m e n t  in  C R I S P 9 4  h a s  b e e n  d e s c r ib e d  b y  B r it t o  
a n d  G u n n ( 1 9 9 0 )  a n d  is  l im it e d  fo r  p la n e  s t r a in  a n a ly s is  a t  p r e s e n t  ( a s  
th e  v a l id i t y  o f  th e  p r o g r a m  is  n o t  y e t  c o n f ir m e d  fo r  a x is y m m e t r ic  
a n a l y s is  y e t ) .  T h i s  e le m e n t  c a n  o n ly  b e  u s e d  w it h  l in e a r  s t r a in  t r ia n g le  
o r l in e a r  s t r a in  q u a d r ila t e r a l  e le m e n t  t y p e s .
F i g u r e  3 . 1 6 ( a )  r e p r e s e n t s  t y p ic a l  in t e r f a c e  e le m e n t s  u s e d  in  a  C R I S P  
a n a l y s is  w it h  a  f la t  8 n o d a l p o in t s  c o m p o s e d  o f 6 n o d e s  a n d  2  d u m m y  
n o d e s  m id w a y  a lo n g  e a c h  o f  th e  n a r r o w  s id e s ,  t h u s  b e in g  c o m p a t ib le  
w it h  th e  S -n o d e d  q u a d r ila t e r a l  e le m e n t . T h e  n a r r o w  s id e s  o f  th e  
in t e r f a c e  e le m e n t  c a n  n o t  b e  a t t a c h e d  to e it h e r  s t r u c t u r e  o r  s o il  
e le m e n t s , o n ly  w it h  th e  n a r r o w  s id e  o f a n o t h e r  in t e r f a c e  e le m e n t,  
e x it in g  o n  a  fre e  b o u n d a r y ,  o r  jo in in g  a  f ix e d  b o u n d a r y .  ( B r it t o  a n d  
G u n n ,  19 9 0 )
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T h e  in t e r f a c e  e le m e n t  in  C R I S P  c o n s is t s  o f  s i x  m a t e r ia l  p r o p e r t ie s  a s  
f o llo w s  ( w it h  t y p ic a l  S I  u n it s ) :
C  : c o h e s io n  ( k N / m 2 )
0  : a n g le  o f  f r ic t io n  ( °  )
k n : n o r m a l s t if f n e s s  ( k N / m 2 )
k s : s h e a r  s t if f n e s s  ( k N / m 2 )
k sres : r e s id u a l  s h e a r  s t if f n e s s  ( k N / m 2 )
t : t h ic k n e s s  o f s l ip  e le m e n t  ( m )
T h e  m o d u lu s  o f  th e  in t e r f a c e  e le m e n t  f o r  n o r m a l o r  s h e a r  b e h a v io u r  c a n  
b e  d e t e r m in e d  b y  th e  c o r r e s p o n d in g  s t if f n e s s ,  k n o r  k s m u lt ip l ie d  b y  th e  
c h o s e n  t h ic k n e s s  o f  in t e r f a c e  t .  T h e  r e a l  m o d u li o f  th e  in t e r f a c e  e le m e n t  
c a n  b e  th e r e fo r e  e x p r e s s e d  b y
K n =  k n t ( 3 . 1 1 )
K s =  k s t ( 3 . 1 2 )
A s  s h o w n  in  E q n s  3 . 1 1  a n d  3 . 1 2 ,  th e  m o d u li o f  th e  in t e r f a c e  e le m e n t  
a re  a  f u n c t io n  o f  th e  t h ic k n e s s  t ,  w h ic h  im p lie s  t h a t  w it h  in c r e a s e  o f  
t h ic k n e s s  th e  n o r m a l a n d  s h e a r  s t if f n e s s e s  in c r e a s e .
T h e  s h e a r  s t r e s s - s t r a i n  c u r v e  ( w h e n  v e r y  s m a l l  lo a d  in c r e m e n t s  a re  
b e in g  u s e d  a n d  w h e n  th e  n o r m a l s t r e s s  is  c o m p r e s s iv e )  is  m o d e lle d  a s  
a n  e la s t ic  p e r f e c t ly  p la s t ic  b e h a v io u r .  T h e r e f o r e ,  w h e n  th e  s h e a r  s t r e s s  
r e a c h e s  0 .9 9  ru]t, th e  s t if f n e s s  k s, is  t r a n s f o r m e d  to th e  r e s id u a l  s h e a r  
s t if f n e s s  k sres, ( t h is  e f fe c t  is  in s ig n if ic a n t  in  th e  p r o g r a m ) , th e n , f lo w s  
w it h o u t  f u r t h e r  s t r e s s  in c r e a s e  ( c o r r e s p o n d in g  to p la s t ic  d e f o r m a t io n ) .  
W it h  d e c r e a s in g  s h e a r  s t r e s s  f r o m  th e  u lt im a t e  s t r e s s  s t a t e  it  f o llo w s  
th e  l in e s  w it h  s a m e  g r a d ie n t s  o f  r e s id u a l  s h e a r  s t if f n e s s  k sres, a n d  th e n  
e la s t ic  s h e a r  s t if f n e s s  k s. W h e n  th e  n o r m a l s t r e s s  is  te n s ile , th e  n o r m a l  
s t if f n e s s  is  r e d u c e d  b y  a  f a c to r  o f 100 , w h ic h  le a d s  to a  s m a ll  n e g a t iv e  
v a lu e  in  o rd e r to p r e v e n t  th e  s t r e s s  d r if t in g  a w a y  to a  la r g e  n e g a tiv e
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v a lu e . I f  a n y  s u b s e q u e n t  c o m p r e s s iv e  n o r m a l s t r e s s  is  a p p lie d , th e  p r o g r a m  
r e s to r e s  th e  n o r m a l s t if fn e s s  to k n w it h  th e  r e v e r s e  d is p la c e m e n t .  
T h e r e f o r e ,  a  g a p  m a y  p h y s ic a l l y  e x is t  a lt h o u g h  th e  p r o g r a m  a s s u m e s  
t h a t  th e  in t e r f a c e  e le m e n t  is  c lo s e d  ( N g  e t  a l., 19 9 8 ) .
R e t u r n in g  to th e  F ig u r e  3 .14 , th e  r e s u lt  o f n u m e r ic a l a n a ly s is  in c lu d in g  th e  
in te rfa c e  e le m e n ts  e x h ib it s  so m e  e n e r g y  d is s ip a t io n  n e a r  th e  g ro u n d  
e le v a tio n , u n lik e  th e  o th e rs. H o w e v e r , n o  m a jo r  d iffe re n c e s  in  th e  s t r e s s  
d is t r ib u t io n  c a n  b e  fo u n d  c o m p a re d  w it h  th e  c a s e  w ith o u t  in te rfa c e  
e le m e n ts . T h e  d is t r ib u t io n s  o f  d is p la c e m e n t  w ith  d e p th  o n  b o th  s id e s  o f th e  
in te rfa c e  e le m e n ts  a re  p lo tte d  in  F ig u r e  3 .1 6 ( b )  (R e fe r  to A p p e n d ix  A 2 ) .  
T h e  d is p la c e m e n t  fo r  th e  e d g e  o f th e  in te rfa c e  e le m e n ts  c o n ta c t in g  th e  w a ll  
fa c e  c o u ld  b e  a s s u m e d  to b e  ze ro . F o r  th e  e d g e s  c o n ta c t in g  th e  so il, th e  
v e r t ic a l  d is p la c e m e n t  m a y  b e  re a s o n a b le , b u t  a n  e x c e s s iv e  h o r iz o n ta l  
d is p la c e m e n t  s e e m s  to b e  u n r e a lis t ic . I n  t h is  re sp e c t, F ig u r e  3 . 1 7  il lu s t r a t e s  
so m e  d is c r e p a n c y  b e tw e e n  th e  in te r n a l s t r e s s e s  o c c u r in g  in  th e  w a ll  fa c e  
a n d  in  th e  a d ja c e n t  s o ils  in  th e  h o r iz o n ta l d ire c tio n . I t  w o u ld  a p p e a r th a t  
e x c e s s iv e  d is p la c e m e n t  o f th e  in te rfa c e  e le m e n ts  in  th e  h o r iz o n ta l d ire c t io n  
c a u s e s  in te r n a l s t r e s s e s  to b e  " lo st"  d u r in g  t r a n s m is s io n  fro m  s o il  to w a ll,  
w h ic h  m a y  p r o d u c e  in v a l id  e s t im a t e s  o f w a ll  s tr e s s e s .
A s  s h o w n  in  F ig u r e s  3 .1 2 ( b )  a n d  3 .1 3 ( b ) ,  w it h  in c r e a s in g  e a rth  d e p th  th e  
c o m p a c t io n  e ffe c t  b e c o m e s  in s ig n if ic a n t , a n d  th e re  is  n o  in f lu e n c e  o n  th e  
h o r iz o n ta l s t r e s s  a t  d ep th . U n d e r  th e s e  c ir c u m fe r e n c e s , it  w o u ld  a p p e a r th at, 
a s  a n  a lte r n a t iv e  a p p ro a ch , it  w o u ld  b e  s a fe r  to u s e  th e  c o e ff ic ie n t  o f  la te r a l  
e a rth  p r e s s u r e  K 0, in s t e a d  o f a p p ly in g  th e  e x te r n a l lo a d  ( lo a d in g  a n d  
u n lo a d in g ).
H e r e , th e  c o e ff ic ie n t  o f  la te r a l e a rth  p r e s s u r e  K 0, c o u ld  b e  d e d u c e d  fro m  
H o l F s ( 1 9 4 1 )  lin e a r  e la s t ic  s t r e s s  a n a ly s is  fo r  d e te r m in in g  th e  s t r e s s e s  a n d  
s u r fa c e  d is p la c e m e n ts  in  a  s e m i- in f in it e  e la s t ic  co n d itio n . H i s  a s s u m p tio n s  
w e re  m a d e  s im ila r  to th e  B o u s s in e s q 's  s o lu tio n ; f ir s t ly ,  th e  m a te r ia ls  of  
b o th  s u p p o r t in g  a n d  s t r e s s e d  b o d ie s  b e h a v e  a s  a  p la n e  s t r a in  c o n d itio n ,  
th e re fo re , th e  s t r e s s e s  a n d  d e fo rm a tio n s  a re  th e  s a m e  in  a ll t r a n s v e r s e  
s e c t io n s ; s e c o n d ly , th e  s u p p o r t in g  e le m e n t h a s  u n ifo r m  e la s t ic  p ro p e rtie s  
u n le s s  o th e r w is e  sp e c if ie d ; a n d  f in a lly , the  s t r e s s  d is tr ib u t io n  is  e n t ir e ly  d u e
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to s u r f a c e  lo a d s  e x c lu d in g  th e  b o d y  fo r c e s  a n d  w e ig h t  o f th e  s u p p r t in g  
e le m e n t. F ig u r e  3 . 1 8  il lu s t r a t e s  a  p r in ic ip le  fe a tu re  o f s t r e s s  d is t r ib u t io n  a n d  
th e  b a s ic  s y m b o ls  a n d  c o m p o n e n ts  o f  in f in ite  lin e  lo a d s  a n d  s t r e s s e s  o n  the  
s u p p o r t in g  e le m e n t, in  r e c t a n g u la r  c o o rd in a te s . T h e  s t r e s s e s  d u e  e n t ir e ly  to 
a n  in f in ite  lin e  lo a d  w e re  d e r iv e d  b y  in te g r a t io n  o f th e  B o u s s in e q  s o lu t io n  
fo r a  c o n c e n tr a te d  p o in t  lo a d  in  r e c t a n g u la r  c o o rd in a te s, w h e r e  th e  
h o r iz o n ta l s t r e s s  is  e x p r e s s e d  b y :
H e r e , it  c a n  b e  s e e n  t h a t  E q n  3 . 1 4  is  e x a c t ly  th e  s a m e  a s  th e  g e n e r a l  
f o r m  o f  c o n v e n t io n a l h o r iz o n t a l  p r e s s u r e  trh =  K 0 <7v , le a d in g  to v = K 0. In  
c o n c lu s io n , th e  c o m p a c t io n  e ffe c t  in  th e  f in ite  e le m e n t a n a ly s is  w o u ld  
in d ir e c t ly  b e  s im u la t e d  b y  u s in g  P o is s o n 's  ra tio  b a s e d  o n  th e  J a k y ' s  
e q u a tio n .
( 3 .1 3 )
H e r e , s e tt in g  p = z,  E q n  3 . 1 3  b e c o m e s
oy(=  (Th) =  =  uoz (= i' < 0 - ( 3 .1 4 )
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Table 3.1 Values of K 0 in loose and dense states (Andrawes et al., 1973)
Material Mineral
composition
Particle
shape
Particle
size
(mm)
True angle 
of friction
(degree)
Porosity
loose dense
Value of
loose
state
K 0
dense
state
Glass Ballotini mostly quartz spherical 0.1 17 0.411 0,364 0.502 0.375
Silver Sand mostly quartz rounded 0.08-0.6 27 0.411 0.352 0.425 0.343
Crushed Feldspar feldspar very angular 0.15-0.3 36 0.495 0.407 0.424 0.360
Copper Particles copper spherical 0.15-0.3 - 0.439 0.376 0.435 0.341
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Figure 3.1 General flow chart of CRISP program (Hillier, 1992)
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(a) Stress state correction
(b) Iterative technique
Figure 3.2 Out-of balance load for elastic-perfectly plastic model 
in CRISP (Britto, 1992)
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Figure 3.3 Global and natural coordinates for a quadratic element
(a) Linear element (2x2) (b) Quadratic element (3x3)
Figure 3.4 Integration points in a quadrilateral element
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Figure 3.5 Typical bending stress distribution around inner fibre of pipe wall 
ID = 4000mm, tw = 280mm (data obtained from Chapter 5)
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(a) Plane stress system (b) Free body diagram
Figure 3.6 Biaxial stresses at a small square element 
for a plane stress analysis
)Figure 3,7 Mohr stress circle for normal and 
shear stresses (Parry, 1995)
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Figure 3.8 Elastic strain and stress distributions in homogeneous beam 
associated with bending moment
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Figure 3.9 Diagram of influence zones and density profile 
following compaction (Youd, 1972)
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(a) Density profile as a function of no. of roller passes (b) Density profile as function of no. of lifts
Figure 3.10 Relationship between soil depth and density following compaction 
(D'AppoIonia et al., 1969)
100
Figure 3.11 Single cycle of loading and unloading model 
at Ko condition (Clayton et a!., 1991)
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(b) for deeper soil element
Figure 3.12 Bi-Iinear stress path due to compaction effect 
(Broms, 1971)
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(a) during compaction (b) on completion of construction
Figure 3.13 Stress distribution in a granular soil 
(Broms, 1971)
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Figure 3.14 Variation of horizontal stress of soils contacting 
to wall face as a function of various working 
conditions
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Figure 3.15 Interface elements ( after Barkhordari-Bafghi, 1998)
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(b) Displacement of nodes of interface 
elements contacting two media
Figure 3.16 Element type and displacement of special 
interface element in CRISP program
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Figure 3.17 Comparison of horizontal stresses generated 
in wall and adjacent soils due to compaction 
and soil weight
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(a ) S tress  d istribution  due to  an infinite line load
(b) In fin ite  line load actin g  norm al to  the  su rface
Figure 3.18 HoII's linear elastic stress analysis (Holl, 1941)
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CHAPTER 4 -  NUMERICAL MODELLING OF RIGID PIPE
4.1 Introduction
T h e  a im  o f  t h is  c h a p t e r  i s  to  e v a lu a t e  th e  m a jo r  p r o p e r t ie s  o f  m a t e r ia ls  
u s e d  in  s o i l - p i p e  in t e r a c t io n  p r o b le m s , s u c h  a s  th e  s t if f n e s s  a n d  
s t r e n g t h  p a r a m e t e r s  f o r  b o th  th e  p ip e  a n d  th e  s u r r o u n d in g  s o i ls .  T h e  
w o r k  is  b a s e d  o n  th e  p la n e  s t r a in  c o n d it io n , s in c e  th e  le n g t h  o f  p ip e  
a lo n g  th e  c e n t r o id a l  a x i s  is  c o n s id e r a b ly  la r g e r  t h a n  it s  d ia m e t e r .
T h e  f le x u r a l  r i g id it y  o f  p ip e  w il l  b e  d is c u s s e d  in  d e ta il,  u s in g  s o m e  
e x p e r im e n t a l  d a t a  r e g a r d in g  th e  f u ll  s c a le  t h r e e -e d g e  b e a r in g  t e s t s  
t o g e t h e r  w it h  c o n c r e t e  p r o p e r t ie s  o b t a in e d  fr o m  r e lia b le  la b o r a t o r ie s .  
T h e n ,  th e  p r o c e d u r e  f o r  th e  e v a lu a t io n  o f  th e  p ip e  w a l l  s t if f n e s s  is  
in t r o d u c e d  in  r e la t io n  to  th e  p r e s t r e s s e d  a n d  n o n -p r e s t r e s s e d  p ip e . T h e  
s t u d y  in c lu d e s  th e  w o r k  c a r r ie d  o u t  to p r o v e  th e  v a l id it y  o f C R I S P  b y  
m e a n s  o f  c o m p a r is o n  w it h  th e  r e s u lt s  c o m p u t e d  f r o m  th e  r a t io n a l  
s o lu t io n . M o d e ll in g  is s u e s  w i l l  a ls o  b e  d is c u s s e d  in  th e  e n d  o f  t h is  
c h a p t e r  in  c o n n e c t io n  w it h  th e  a d e q u a c y  o f th e  n u m b e r  o f  e le m e n t s  
u s e d  in  th e  m e s h  a n d  th e  f le x u r a l  r i g i d y  o f th e  p ip e  w a ll ,  w h ic h  b o th  
in f lu e n c e  b e n d in g  m o m e n t  d is t r ib u t io n  in  th e  p ip e  w a ll .
4.2 Soil Properties
T h e  s o i l  in p u t  p a r a m e t e r s  f o r  f in it e  e le m e n t  a n a ly s is  c a n  b e  d e d u c e d  
f r o m  th e  r e le v a n t  e x p e r im e n t s  w it h  r e s p e c t  to  s o i l - s t r u c t u r e  in t e r a c t io n  
p r o b le m s . D u r in g  th e  p a s t  d e c a d e , tw o  im p o r t a n t  p a r a lle l  d e v e lo p m e n t s  
h a v e  t a k e n  p la c e  w h ic h  h a v e  r e s u lt e d  in  th e  m e a s u r e m e n t  o f  s t if f n e s s  
b e in g  c o n s id e r e d  m o r e  im p o r t a n t  t h a n  t h a t  o f  s t r e n g t h  in  g e o t e c h n ic a l  
d e s ig n , p a r t ic u la r ly  f o r  s e n s it iv e  s t r u c t u r e s .  T h e s e  d e v e lo p m e n t s  a re :
(Clayton et al., 1995)
( i)  m e t h o d s  o f  m e a s u r in g  s t r a in  lo c a l ly  o n  la b o r a t o r y  t e s t
s p e c im e n s  h a v e  s h o w n  t h a t  th e  s t r e s s - s t r a i n  b e h a v io u r  o f  
m a n y  s o i ls  a n d  w e a k  r o c k s  is  s ig n if ic a n t ly  n o n - l in e a r ,  
w it h  v e r y  h ig h  s t if f n e s s  a t  th e  s m a l l  o p e r a t io n a l s t r a in s  
a r o u n d  m o s t  e n g in e e r in g  s t r u c t u r e s ,  a n d
( ii)  c e r t a in  f e a t u r e s  o f  f ie ld  m e a s u r e m e n t s  o f  g r o u n d
d e fo r m a t io n  a r o u n d  f u l l - s c a l e  s t r u c t u r e s ,  w h ic h  c o u ld  b e  
m o d e lle d  u s in g  l in e a r  e la s t ic  th e o r y , a re  r e s o lv e d  w h e n  
n o n - l i n e a r  f o r m u la t io n s  a re  u s e d  in c o r p o r a t in g  v e r y  h ig h  
in it ia l  s t if f n e s s .
T h e  e s t a b l is h m e n t  o f  a p p r o p r ia te  in p u t  p a r a m e t e r s  to a d e q u a t e ly  
c h a r a c t e r is e  th e  s u r r o u n d in g  s o i ls  i s  v e r y  d if f ic u lt ,  I n  o t h e r  w o r d s ,  i t  is  
r a r e ly  p o s s ib le  to  p r e d ic t  r e a l  s o i l  p r o p e r t ie s , s in c e  th e  s o i l  is  v e r y  
c o m p le x  m a t e r ia l  w h ic h  e x h ib it s  n o n lin e a r  s t r e s s - s t r a i n  b e h a v io u r ,  
h ig h ly  d e p e n d e n t  o n  th e  p r e v io u s  s t r e s s  h is t o r y  a n d  c u r r e n t  s t r e s s  le v e l.  
In  th e  s o i l - s t r u c t u r e  s y s t e m , th e  s t if f n e s s  a n d  s t r e n g t h  p a r a m e t e r s  o f  
n e w ly  w o r k e d  s o il  v a r y  w it h  th e  c o n f in in g  s t r e s s  le v e l  a n d  d e n s it y ,  
w h ic h  is  g o v e r n e d  b y  th e  d e g r e e  o f  c o m p a c t io n .
4.2.1 Y oung's m odulus and P o isso n 's  ratio
T o  d e t e r m in e  th e  s o il  p a r a m e t e r s  f o r  th e  a n a ly s is ,  it  i s  n e c e s s a r y  to 
c o n d u c t  a  c o n s is t e n t  s e t  o f  t e s t s  r e p r e s e n t in g  th e  a c t u a l  s o i ls .  H o w e v e r ,  
it  is  im p r a c t ic a l  to  p e r fo r m  e x t e n s iv e  la b o r a t o r y  t e s t s  f o r  a  s in g le  
d e s ig n .  A s  a n  a lt e r n a t iv e ,  r e lia b le  d a t a  o b t a in e d  f r o m  p a s t  w o r k  c a n  b e  
u s e d  f o r  th e  a n a ly s is  o f  b u r ie d  p ip e lin e s . F o r  in s t a n c e ,  th e  h y p e r b o lic  
m o d e l f o r  th e  n o n - l i n e a r  s t r e s s - s t r a i n  b e h a v io u r  o f  s o i ls  ( D u n c a n  e t  
a l.-1 9 8 0 , S e l ig :1 9 8 8 ,  a n d  H a g g a g :1 9 8 9 )  is  u s e f u l  f o r  th e  d e t e r m in a t io n  o f  
in it ia l  in p u t  d a t a  fo r  l in e a r  o r  b i l in e a r  s o i l  m o d e ls  s u c h  a s  e la s t ic  o r  
e l a s t i c -p e r f e c t l y  p la s t ic  in  c o n s id e r a t io n  o f  th e  c o m p a c t e d  s o il  b e h a v io u r  
o f  th e  s t r u c t u r a l  b a c k f il l .  T h e  s t r e s s - s t r a i n  c u r v e s  in  a  t r i a x ia l  t e s t
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w it h  a  c o n s t a n t  c o n f in in g  p r e s s u r e  c a n  b e  a p p r o x im a t e d  b y  a  h y p e r b o la  
a s  s h o w n  in  F i g u r e  4 .1 ,  w it h  th e  e x p r e s s io n  ( K o n d n e r ,  1 9 6 3  a n d  
K o n d n e r  e t  a l., 1 9 6 3 ) :
( 0!  -  03) =  — |
£ ( 4 .1 )
£
(01 ~  03) u
w h e r e ,
( 0i  -  03) d e v ia t o r  s t r e s s  
a x ia l  s t r a in
in it ia l  t a n g e n t  m o d u lu s
£
I n  E q n  4 .1 ,  a  s u b s c r ip t  u ,  in d ic a t e s  th e  d e  v ia t o r  s t r e s s  a t  u lt im a t e  
s ta te , a n d  th e  in it ia l  t a n g e n t  m o d u lu s  E j ,  v a r in g  w it h  c o n f in in g  
p r e s s u r e  03, is  s u b s t it u t e d  b y  th e  f o llo w in g  e q u a t io n  o b t a in e d  f r o m  th e  
e x p e r im e n t a l  s t u d ie s  b y  J a n b u ( 1 9 6 3 ) .
w h e r e  Pa, i s  th e  a t m o s p h e r ic  p r e s s u r e  u s e d  to n o n d im e n s io n a l is e  th e
s o i l  p a r a m e t e r s  f o r  h y p e r b o lic  m o d e l; i.e . th e  m o d u lu s  n u m b e r  K,  (n o t  
to b e  c o n f u s e d  w it h  la t e r a l  e a r t h  p r e s s u r e  c o e ff ic ie n t)  a n d  th e  m o d u lu s  
e x p o n e n t  n .  T h e  v a r ia t io n  o f  d im e n s io n le s s  in it ia l  t a n g e n t  m o d u lu s  is  
s h o w n  in  F i g u r e  4 .2  a s  a  f u n c t io n  o f  th e  c o n f in in g  p r e s s u r e  03 in  a  
lo g a r it h m ic  s c a le .  F r o m  th e  a b o v e  e q u a t io n s , th e  t a n g e n t  m o d u lu s  E t , 
fo r  a n y  s t r e s s  s t a t e  c a n  b e  o b t a in e d  b y  d if f e r e n t ia t in g  E q n  4 .1  w it h  
r e g a r d  to  th e  a x ia l  s t r a in  £, w h ic h  is :
E ,  =  KPa( - j r )* (4 .2 )
R ( ( l  -  s i n j j ) ( g i  -  <r3) ] 2 a%_
2 C  c o s 0  +  2 0 3 s i n 0  _ a Pa (4 .3 )
w h e r e  R f , C  a n d  <t> a re  th e  f a ilu r e  r a t io  ( s h o w n  in  F i g u r e  4 .1 ) ,  th e  
c o h e s io n  a n d  th e  in t e r n a l  f r ic t io n  a n g le , r e s p e c t iv e ly .  T h e s e  p a r a m e t e r s  
w e r e  p r o v id e d  b y  c o lle c t in g  d a t a  f r o m  th e  a v a i la b le  l it e r a t u r e  ( D u n c a n
e t a l., 1 9 8 0 )  a n d  b y  e x p e r im e n t s  in  t r ia x ia l  t e s t s  ( S e l ig ,  1 9 8 8 ) .  T h e  
e la s t ic  Y o u n g ' s  m o d u lu s  E s , c a n  b e  d e te r m in e d  f r o m  E q n  4 .3  b y  
p u t t in g  th e  f a ilu r e  r a t io  R f , a n d  m o d u lu s  e x p o n e n t  n ,  b o th  to b e  e q u a l  
to z e ro , t h a t  is :
E s =  KPa (4 .4 )
S o il  t y p e s  b e in g  c o n s id e r e d  c a n  b e  p la c e d  in to  o n e  o f  th e  p r in c ip a l  s o il  
t y p e s  c la s s if ie d  b y  th e  U n if ie d  S o il  C l a s s if ic a t io n  S y s t e m  s h o w n  in  
T a b l e  4 .1 .  M o s t  c o n s t r u c t e d  s o i ls  w i l l  b e  c o m p o s e d  o f  a  v a r i e t y  o f  
d if f e r e n t  p a r t ic le  s iz e s ,  s o m e  o f  w h ic h  m a y  b e  c o h e s iv e .  S e l i g ' s  s o i l  
p a r a m e t e r s  w e r e  o b t a in e d  f r o m  th e  t r ia x ia l  t e s t  r e s u lt s  c o n d u c t e d  b y  
Y a n g  ( 1 9 8 7 )  in  w h ic h  th r e e  s o il  t y p e s  w e r e  c h o s e n ; i.e . S W ,  M L  a n d  
C L .  r e p r e s e n t in g  e a c h  g r o u p  in  T a b l e  4 .1 .  P l a s t ic  c la y  C H  ( g r o u p  4 )  
w a s  n o t  c o n s id e r e d  f o r  u s e  in  c o n s t r u c t e d  ( f il l)  s o i ls .  T a b l e  4 .2  p r o v id e s  
s o i l  p a r a m e t e r s  f o r  d e t e r m in in g  th e  t a n g e n t  Y o u n g s '  m o d u lu s  ( E q n  4 .3 )  
f o r  th e  h y p e r b o lic  m o d e l in  a  f in it e  e le m e n t  a n a ly s is  to  p r e d ic t  th e  
b u r ie d  p ip e  b e h a v io u r .
A s  s h o w n  in  T a b l e  4 .2 , to o b t a in  th e  v a lu e s  o f  s o il  p a r a m e t e r s ,  K, n , 
R f , C ,  a n d  Acf>, e a c h  s a m p le  w a s  t e s t e d  a t  a  d if f e r e n t  c o m p a c t io n  
d e g r e e  a s  v e r y  lo o s e  s t a t e , 8 0 % ,  8 5 % ,  9 0 %  a n d  9 5 %  o f  th e  A A S H T O  
T - 9 9  m a x im u m  d r y  d e n s it y  ( S t a n d a r d  P r o c t o r  d e n s it y )  w it h  t h e  r a n g e  
o f  c o n f in in g  p r e s s u r e s  3 5  to 3 1 5  k P a .  T h e  s e c a n t  Y o u n g ' s  m o d u lu s  a t  
5 0 %  o f  th e  f a ilu r e  s t r e s s  ( F i g u r e  4 .3 )  f o r  v a r io u s  c o n f in in g  p r e s s u r e s  ( in  
a  r a n g e  o f  5  to 2 0 0  k P a )  a n d  d e g r e e s  o f  c o m p a c t io n  a r e  p r o v id e d  in  
F i g u r e s  4 .4 , 4 .5  a n d  4 .6  f o r  s o i l  t y p e s  o f  S W ,  M L ,  C L ,  r e s p e c t iv e ly .  
F r o m  th e  f ig u r e s ,  it  is  c le a r  t h a t  th e  s t if f n e s s  o f s o i l  is  h ig h ly  
d e p e n d e n t  o n  th e  c o m p a c t io n  d e g r e e , c o n f in in g  p r e s s u r e  a n d  s o i l  ty p e .  
T h e  s t if f n e s s  o f  c o a r s e  m a t e r ia ls  is  g e n e r a l ly  h ig h e r  t h a n  t h a t  o f  f in e  
m a t e r ia ls .  T h e  c o a r s e  m a t e r a ls  a r e  m o r e  s u c e p t a b le  to c o n f in in g  
p r e s s u r e  c o m p a r e d  w it h  th e  f in e  m a t e r ia ls .  F o r  th e  C L  s o il,  F i g u r e  4 .6  
i l lu s t r a t e s  t h a t  th e  s t if f n e s s  t e n d s  to in c r e a s e  b y  a  c e r t a in  le v e l  w it h  
in c r e a s in g  c o n f in in g  p r e s s u r e ,  a n d  th e n  it  d e c r e a s e s  w it h  f u r t h e r  
in c r e a s e  o f  c o n f in in g  p r e s s u r e .
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P o i s s o n ' s  r a t io  us, v a r ie s  w it h  v e r t ic a l  s t r a in  u n t il  th e  s t r e s s  le v e l  
r e a c h e s  a  p e a k  s t a t e  in  th e  s t r e s s - s t r a i n  r e la t io n . F o r  a  w e ll  g r a d e d  
c a lc a r e o u s  s a n d  f r o m  L i b y a ,  a n  in c r e a s e  o f th e  v e r t ic a l  s t r a in  r e s u lt s  in  
a n  in c r e a s e  o f  P o i s s o n 's  r a t io , in d ic a t in g  a  n o n lin e a r  r e s p o n s e . P o i s s o n ' s  
r a t io  a t  th e  in it ia l  s t a g e  ( f ir s t  lo a d in g )  s h o w s  a  v a lu e  o f  0 .1  to 0 .2 . 
D u r in g  c y c l i c  lo a d in g , th e  t y p ic a l  P o i s s o n ' s  r a t io  b e c o m e s  m o r e  o f  a  
c o n s t a n t  r a n g in g  b e t w e e n  0 .3  to  0 .4 . ( L a m b e  a n d  W h it m a n ,  1 9 7 9 )
F r o m  H o o k e 's  la w , Y o u n g ' s  m o d u lu s  E s , a n d  P o i s s o n 's  r a t io  v s c a n  
b e  c o n v e r t e d  to E sp a n d  vsp in  th e  p la n e  s t r a in  c o n d it io n s  w h e r e  
£y — 0 . T h e y  a r e
E c
E sp  ( i  -  ys2T
1  —
(4 .5 )
(4 .6 )
I t  is  c la im e d  t h a t  T h e  E q n s  4 .5  a n d  4 .6  c a n  b e  u s e d  f o r  a n  a n a ly t ic a l  
s o lu t io n  o n ly .
4.2.2 Evaluation of shear strength
T h e  s t r e n g t h  p a r a m e t e r s  <j> a n d  C a r e  n o t  in t r in s ic  m a t e r ia l  p r o p e r t ie s  
b u t  r a t h e r  a r e  p a r a m e t e r s  d e p e n d e n t o n  th e  r e la t iv e  d e n s it y ,  a p p lie d  
s t r e s s e s ,  d e g r e e  o f c o n s o lid a t io n  u n d e r  t h o s e  s t r e s s e s ,  a n d  th e  d r a in a g e  
c o n d it io n s  d u r in g  s h e a r .  A c c o r d i n g ly ,  t h e ir  v a lu e s  s h o u ld  b e  b a s e d  o n  
la b o r a t o r y  t e s t  d a t a  w h e r e in  th e  c o n d it io n s  r e p lic a t e  t h o s e  e x p e c t e d  in  
th e  f ie ld . H o w e v e r ,  th e  f r ic t io n  a n g le  i s  u s u a l ly  in f e r r e d  f r o m  i n - s i t u
t e s t s  o r  is  c o n s e r v a t iv e ly  a s s u m e d  to b e  b a s e d  o n  m a t e r ia l  t y p e , d u e  to  
th e  d if f ic u lt y  o f  o b t a in in g  u n d is t u r b e d  s a m p le s .
I n  T a b l e  4 .2 , a  s i l t y  s o i l  ( M L )  a n d  a  c la y e y  s o il  ( C L )  a t  c o m p a c t e d  
s t a t e s  r e q u ir e  a l l  th r e e  s t r e n g t h  p a r a m e t e r s  ( C ,  4>0 a n d  A f)  to  
r e p r e s e n t  th e  f a ilu r e  e n v e lo p e , u n l ik e  a  c o a r s e -g r a in e d  g r a v e l ly  s a n d  s o il
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( S W ) .  F i g u r e  4 .7  (a ) s h o w s  th e  c u r v e d  f a ilu r e  e n v e lo p e  f o r  th e  m a jo r it y  
o f s o i ls .  T h e  w id e  r a n g e  o f  p r e s s u r e  r e s u lt s  in  s ig n if ic a n t  c u r v a t u r e .  
T h i s  s u g g e s t s  t h a t  th e  in t e r n a l  f r ic t io n  a n g le  fo r  a  g iv e n  m a t e r ia l  v a r ie s  
w it h  th e  c o n f in in g  p r e s s u r e ,  le a d in g  to  d if f ic u lt ie s  in  th e  s e le c t io n  o f  a  
s in g le  v a lu e  o f  0  f o r  a  c o n s t r u c t io n  m a t e r ia l .  B y  u s i n g  th e  f r ic t io n  
a n g le  e s t im a t e d  f r o m  t r i a x ia l  t e s t s ,  w h e r e  s i n 0 =  (01 ~  0 3)/(0 1  +  03) ,  th e  
a c t u a l  n o n - l i n e a r  f a ilu r e  e n v e lo p e  c a n  b e  d e s c r ib e d  b y  th e  D u n c a n  
m o d e l, v a r i n g  w it h  lo g a r it h m  o f th e  c o n f in in g  p r e s s u r e  03, a s  s h o w n  in  
F i g u r e  4 .7  (b ):
0  =  0 O A(f> log  10 ( 03 / F a) (4 .7 )
w h e r e  0 O is  a  p e a k  v a lu e  o f  0 , a s s u m in g  th e  c o n f in in g  p r e s s u r e  is  
v e r y  lo w , i.e . f o r 03 =  P a , a n d  4f0 is  th e  r e d u c t io n  in  4> f o r  a  t e n -f o ld  
in c r e a s e  in  03. T h e  v a lu e s  s h o w n  in  T a b l e  4 .2  a r e  a s s u m e d  to  b e  
m a x im a ,  a n d  E q n  4 .7  r e p r e s e n t s  th e  lo w e r  p a r t  o f  F i g u r e  4 .7  (b ). I t  
s e e m s  t h a t  E q n  4 .7  is  o f  p r a c t ic a l  u s e  b a s e d  o n  th e  e x p e r im e n t a l  d a t a  
o b t a in e d  f r o m  th e  la b o r a t o r y  te s t .
O n  th e  o t h e r  h a n d , th e  " s a w  b la d e s "  m o d e l o f  d ila t a n c y  o n  th e  r u p t u r e  
s u r f a c e  ( 0 '  =  0 ' Cs +  0 ,  w h e r e  0 ' cs a n d  0  a re  th e  c r i t ic a l  s t a t e  a n g le  o f  
s h e a r in g  r e s is t a n c e  a n d  th e  a n g le  o f  d ila t io n , r e s p e c t iv e ly .)  c la r if ie s  th e  
c o n c e p t s  o f  f r ic t io n  a n d  d i la t a n c y  w it h  r e s p e c t  to th e  s t r e n g t h  
p a r a m e t e r s  f o r  d e s ig n ,  w h ic h  p r o v id e s  a  f ir m  t h e o r e t ic a l b a s is .  M o r e  
r e c e n t ly ,  t h is  f o m u la  h a s  b e e n  s l ig h t ly  m o d if ie d  a s  0 ' =  0 'cs +  0 .8 0  in  
o r d e r  to r e f le c t  b o th  th e  f a ilu r e  m e c h a n is m  o p t im is e d  a n d  th e  c o r r e la t io n  
b e t w e e n  th e  d ir e c t io n  o f  p r in c ip a l  s t r e s s  a n d  s t r a in  in c r e m e n t s  in  th e  
o r ig in a l  c o n c e p t  o f  a n  e le m e n t a r y  f r ic t io n -d i la t a n c y  r e la t io n . ( B o lt o n ,  
19 8 6 )  T h e  c o n c e p t  o f  th e  " s a w  b la d e s "  m o d e l s t a r t s  f r o m  th e  f r ic t io n  
a n g le  in  a  c r i t i c a l  s t a t e  w it h  c o n s t a n t  v o lu m e , a n d  th e  e x c e s s  o f  th e
f r ic t io n  a n g le  i s  t o t a lly  d e p e n d e n t  o n  th e  v o lu m e t r ic  e x p a n s io n  in  a
s im p le  s h e a r  te s t , w h e r e in  E q n  4 .7  b e g in s  a t  th e  p e a k  v a lu e  w it h  v e r y  
lo w  c o n f in in g  p r e s s u r e  a n d  th e  r e d u c t io n  is  m a d e  d u e  to  th e  in c r e a s e  o f  
n o r m a l s t r e s s .  T h e  b a s ic  t h e o r y  f o r  b o th  e q u a t io n s  s e e m s  to be sim ilar,
b u t  th e  a p p r o a c h  i s  q u ite  d iff e r e n t .
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4.2.3 Some observations for L ibyan soils
T h e  p ip e lin e  r o u t e  in  L i b y a  g e n e r a l ly  c r o s s e s  Q u a t e r n a r y  d e p o s it s  s u c h  
a s  P r o lu v ia l  a n d  W a d i  d e p o s it s .  T h e s e  d e p o s it s  o v e r lie  m o s t ly  th e
c a r b o n a t e  r o c k s  o f  th e  Z i m a m  a n d  H u r f a h  f o r m a t io n s . T h e  W a d i  
d e p o s it s  a p p e a r  g e n e r a l ly  to  b e  g r a v e l ly ,  s i l t y  s a n d , w h ic h  a r e  lo o s e  to  
d e n s e  s a n d , s u b a n g u la r  o r  s u b r o u n d e d . T h e  P r o lu v ia l  d e p o s it s  a p p e a r  to  
b e  s i l t y ,  s a n d y  g r a v e l  a n d  c o b b le s , m e d iu m  d e n s e  a n d  o f a n g u la r  s h a p e .  
T h e  p r e d o m in a n t  m a t e r ia l  w it h in  th e  s u p e r f ic ia l  d e p o s it s  is  s i l t y  to
c l a y e y  s a n d  ( S M  to  S C - S M ) .  I t  o c c u r s  a t  m o s t  lo c a t io n s  a lo n g  th e
r o u te , u s u a l l y  la y e r e d  w it h  m a t e r ia l  f r o m  th e  o th e r  c la s s if ic a t io n  b a n d s  
a n d  o c c a s io n a l ly  w it h  c a lc r e t e . S a n d s  a n d  g r a v e ls  w it h in  th e  G W  to  G P  
a n d  S W - S M  to  S P - S C  b a n d s  a r e  a ls o  p r e s e n t  t h r o u g h o u t  th e  r o u t e .
F i g u r e  4 .8  p r e s e n t s  th e  f r ic t io n  a n g le s  o f  th e  s a m p le s  o b t a in e d  f r o m  th e  
d ir e c t  s h e a r  t e s t  u n d e r  d r a in e d  c o n d it io n s  a s  a  f u n c t io n  o f  r e la t iv e
d e n s it y  in  th e  r a n g e  o f  5 5 - 8 7 % .  I t  a ls o  in d ic a t e s  a  d if f e r e n c e  b e t w e e n  
th e  p e a k  s t a t e s  a n d  th e  c r i t ic a l  s t a t e s  f o r  th e  s a m p le s  c o r r e s p o n d in g  to  
e a c h  r e la t iv e  d e n s it y .  T h e  d e g r e e  o f  c o m p a c t io n  i n - s i t u  a f f e c t s  m a in ly  
th e  f r ic t io n  a n g le  a t  p e a k  s t a t e . I t  c a n  b e  s e e n  t h a t  w it h  in c r e a s in g  
d e g r e e  o f  c o m p a c t io n , th e  f r ic t io n  a n g le  in c r e a s e s  m a in ly  a t  th e  p e a k  
s t a t e . T h e  d if f e r e n c e  o f  f r ic t io n  a n g le s  o b s e r v e d  a t  p e a k  s t a t e  a n d  
c r it ic a l  s t a t e  is  c o n s t a n t  a t  a b o u t  1 0  d e g r e e s . T h e  m o b il is e d  a n g le s  a t  
th e  p e a k  s t a t e  a r e  b e t w e e n  4 2  a n d  4 8  d e g r e e s  a n d  t h o s e  a t  th e  c r i t ic a l  
s t a t e  a r e  b e t w e e n  3 4  a n d  4 1  d e g r e e s . T h e  w e t  d e n s it y  o f  s o i l  is  
d e s c r ib e d  in  T a b l e  4 .2  s e p a r a t e ly  a s  a n  in p u t  d a t a  o f  th e  n u m e r ic a l  
a n a ly s is .
4.3 M echanical Reponse of P restressed  Concrete Cylinder Pipe
P r e s t r e s s e d  C o n c r e t e  C y l in d e r  P ip e  ( P C C P )  is  c la s s if ie d  in to  t w o  g e n e r a l  
t y p e s  o f  c o n s t r u c t io n :  ( 1 ) p ip e  w it h  a  s te e l c y l in d e r  l in e d  w it h  a  
c o n c r e t e  c o r e  (t e r m e d  L in e d  C y l in d e r  P ip e ; L C P ) ,  w h e r e  th e  c o n c r e t e  is
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s p u n  o n to  a  s t e e l c y l in d e r  b y  a  c e n t r if u g a l  p r o c e s s , a n d  (2 ) p ip e  w it h  a  
s t e e l c y l in d e r  e m b e d d e d  in  a  c o n c r e t e  c o re  (te r m e d  E m b e d d e d  C y l in d e r  
P ip e ; E C P ) ,  in  w h ic h  c o n c r e t e  is  p o u r e d  a r o u n d  th e  s t e e l  c y l in d e r  
b e t w e e n  in n e r  a n d  o u t e r  m o u ld s  b y  v e r t ic a l  c a s t in g .  D e t a i l  o f  th e  p ip e  
s e c t io n  is  p r o v id e d  in  F i g u r e s  4.9 .
A  w e ld e d  s t e e l c y l in d e r  a n d  jo in t  r in g  a s s e m b ly  p r o v id e s  w a t e r  
t ig h t n e s s ,  a d e q u a te  lo n g it u d in a l  t e n s ile  s t r e n g t h , a n d  a n  in c r e a s e  in  
b e a m  s t r e n g t h .  T h e  c o r e  i s  c a s t  in  s t e e l m o u ld s , p r o v id in g  a  s m o o th  
in t e r io r  w a l l  f o r  o p t im u m  f lo w . A f t e r  th e  c o n c r e t e  c o r e  h a s  a t t a in e d  th e  
r e q u ir e d  c o m p r e s s iv e  s t r e n g t h ,  it  is  h e l ic a l ly  w r a p p e d  w it h  p r e s t r e s s in g  
w ir e  u n d e r  c o n t r o lle d  t e n s io n . T h e  p r e s t r e s s in g  w ir e s  a r e  p r o te c t e d  b y  a  
s p r a y e d  m o r t a r  c o a t in g  a p p lie d  to th e  o u t e r  s u r f a c e  o f  th e  p ip e . T h e  
p r e s t r e s s e d  c o n c r e t e  c o r e  p r o v id e s  th e  p ip e  w it h  th e  s t r u c t u r a l  s t r e n g t h  
a n d  r ig i d i t y  n e c e s s a r y  to  w it h s t a n d  h e a v y  e x t e r n a l  lo a d s  a n d  h ig h  
in t e r n a l  p r e s s u r e s .
T h e  m e c h a n ic a l  r e s p o n s e  o f  a  b u r ie d  c o n c r e t e  p ip e  is  a c c o m p a n ie d  b y  
a n  in t r ic a t e  s o i l - s t r u c t u r e  in t e r a c t io n  p r o b le m  b e c a u s e  o f  th e  n o n lin e a r  
in e la s t ic  b e h a v io u r  o f  c o n s t it u e n t  c o m p o n e n t s  ( C o r o t is  a n d  K r iz e k ,  1 9 7 7 ) .  
In  t h is  r e s p e c t ,  it  i s  n e c e s s a r y  to  in v e s t ig a t e  th e  r e s p o n s e  o f  th e  w h o le  
s t r u c t u r e  a g a in s t  th e  e x t e r n a l  lo a d s . In  o t h e r  w o r d s , it  is  le s s  im p o r t a n t  
to u n d e r s t a n d  th e  b e h a v io u r  o f  e a c h  c o n s t it u e n t  m a t e r ia l  o f  th e  p ip e .
4.3.1 Properties o f concrete
D u e  to th e  e x p e r im e n t a l  d if f ic u lt ie s  a s s o c ia t e d  w it h  e s t a b l is h in g  th e  
o r ig in  o f  th e  s t r e s s - s t r a i n  c u r v e  o f  a  n o n lin e a r ly  e la s t ic  m a t e r ia l ,  th e  
c h o r d  m o d u lu s  (th e  s lo p e  o f  th e  c h o r d  d r a w n  b e t w e e n  a n y  t w o  s p e c if ie d  
p o in t s  o n  th e  s t r e s s - s t r a i n  c u r v e  w h ic h  s h o u ld  b e  d e s ig n a t e d  w it h in  th e  
e la s t ic  l im it  o f  th e  m a t e r ia l)  is  u s e f u l.  T o  o v e r c o m e  s ig n if ic a n t  e r r o r s  
a t  in it ia l  lo a d in g , s p e c im e n  c u r v a t u r e  o r  in it ia l  g a p  a lig n m e n t , th e  s lo p e  
o f th e  s t r e s s - s t r a i n  c u r v e  is  u s u a l ly  d e te r m in e d  in  a  r a n g e  o f  th e  
a p p r o p r ia te  p r e lo a d  a n d  th e  e la s t ic  l im it .  A lt e r n a t iv e ly ,  th e  t a n g e n t  
m o d u lu s  c a n  b e  u s e d  f o r  th e  s t if f n e s s  o f  c o n c r e t e  u n d e r  th e  a s s u m p t io n
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o f l in e a r  e la s t ic  b e h a v io u r ,  b u t  th e  u s e  o f in it ia l  t a n g e n t  m o d u lu s  ( i.e . 
th e  t a n g e n t  to th e  c u r v e  a t  it s  o r ig in ) ,  o r  s e c a n t  m o d u lu s  (i.e . a  l in e  
d r a w n  f r o m  th e  o r ig in  to a  p o in t  o n  th e  c u r v e )  is  n o t  r e c o m m e n d e d  
b e c a u s e  o f  th e  a b o v e -m e n t io n e d  p r o b le m s .
L a b o r a t o r y  t e s t s  w e r e  c o n d u c t e d  to d e te r m in e  th e  s t if f n e s s  o f  c o n c r e t e  
to b e  u s e d  f o r  th e  p r o d u c t io n  o f  P C C P .  T h e  v a lu e  w a s  s e le c t e d  w it h in  
a  r a n g e  o f  a llo w a b le  s t r e s s  o f  c o n c r e t e , ie  0 to 4 0  %  o f  th e  u lt im a t e  
c o n c r e t e  s t r e n g t h  in  p r a c t ic e ,  a c c o r d in g  to A S T M  C 4 6 9 -8 3 .  T h e r e  is  no  
r a t io n a l  m e th o d  to  d e t e r m in e  th e  s e c a n t  m o d u lu s ;  i t  is  a s s u m e d  to b e  in  
th e  s t r e s s  r a n g e  b e t w e e n  3  to 1 4  M P a  in  s o m e  la b o r a t o r ie s , o r  w it h in  
th e  s t r e s s e s  u p  to  1 5 ,  2 5 , 3 3  o r  5 0  p e r c e n t  o f  th e  u lt im a t e  s t r e n g t h  in  
o t h e r s ; t h is  m e th o d  is  a ls o  p r e s c r ib e d  in  A S T M  C 4 6 9 - 6 5 ,  B S  1 8 8 1 :  P a r t  
5 : 1 9 7 0  a n d  in  I S O / D I S  6 7 8 4  ( N e v i l le ,  19 9 4 ) .
F i g u r e  4 .1 0 ( a )  is  a  g r a p h ic a l  r e p r e s e n t a t io n  o f  th e  c o m p r e s s io n  
s t r e s s - s t r a i n  d ia g r a m  p lo tte d  u s in g  d a t a  o b t a in e d  f r o m  th e  2 8  d a y s  t e s t s  
o f c o n c r e t e  c y l in d e r s  a t  S a r i r  p la n t  in  L i b y a  c a r r ie d  o u t  in  1 9 9 2 . T o  
d e te r m in e  th e  c h o r d  m o d u lu s  o f  e la s t ic it y  s i x  s a m p le s  w e r e  t e s t e d  in  
S a r i r  p la n t  a n d  te n  s a m p le s  in  B r e g a  p la n t . C h o r d  m o d u lu s  w a s  
o b t a in e d  f r o m  th e  in c r e m e n t s  o f  lo a d  a n d  c o r r e s p o n d in g  c o n t r a c t io n  b y  
u s i n g  th e  f o llo w in g  e q u a t io n :
Ec=  £-2 -  0 .000050 ( 4 8 )
w h e r e ,
s 2 =  s t r e s s  c o r r e s p o n d in g  to 4 0 %  o f u lt im a t e  lo a d
S i =  s t r e s s  c o r r e s p o n d in g  to a n  a x ia l  s t r a in  o f
5 0 /1 ,0 0 0 ,0 0 0
e2 -  a x ia l  s t r a in  p r o d u c e d  b y  s t r e s s  s2
In  E q n  4 .8 , s 2 — s i  a n d  s2 — 0 .000050 a r e  lo a d  in c r e m e n t  a n d  s t r a in
in c r e m e n t , r e s p e c t iv e ly .  T h e  m e a n  e la s t ic  m o d u lu s  a n d  u lt im a t e  s t r e n g t h  
w e r e  r e c o r d e d  a t  a r o u n d  3 3 .6 G P a  a n d  S O .O M P a  f o r  S a r i r  p la n t , a n d
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3 4 . 1 G P a  a n d  5 0 .9 M P a  fo r  B r e g a  p la n t . F r o m  th e  e x p e r im e n t s ,  it  w a s  
o b s e r v e d  t h a t  f o r  h ig h  s t r e n g t h  c o n c r e t e  th e r e  is  n o  s ig n if ic a n t  
d iff e r e n c e  b e t w e e n  th e  in it ia l  t a n g e n t  m o d u lu s  a n d  s e c a n t  m o d u lu s ,  a n d  
th e  in it ia l  l in e a r  p a r t  o f th e  s t r e s s - s t r a i n  c u r v e  e x t e n d s  to  a  s t r e s s  
m u c h  h ig h e r  t h a n  4 0 %  o f  u lt im a t e  s t r e n g t h  e m p lo y e d  in  th e  
c o n v e n t io n a l p r o c e d u r e . I t  m a y  b e  a s  h ig h  a s  8 5  %  o r  e v e n  h ig h e r .  
T h i s  p h e n e m e n o n  is  a ls o  c o n f ir m e d  b y  N e v i l le  ( 1 9 9 7 ) .
T h e  a n o t h e r  s e r ie s  o f t e s t s  w e r e  a ls o  c o n d u c t e d  in  U n i v e r s it e  d e  
S h e r b r o o k e  in  19 9 6 . T a b l e  3  d e s c r ib e s  th e  c o m p o s it io n  a n d  f r e s h  
c o n c r e t e  p r o p e r t ie s  o f  th e  c o r r e c t e d  m ix  M B L - 4  fo r  B r e g a  p la n t  a n d  
M S - 3  f o r  S a i r i r  p la n t , w h ic h  r e p r e s e n t  m ix  d e s ig n  f o r  a  l it t le  lo w e r  
s t r e n g t h  t h a n  t h o s e  u s e d  in  19 9 2 . T h e  m ix in g  w a s  d o n e  w it h  a  p a n  
t y p e  m ix e r  o f  1 8 0  L  c a p a c it y .  T h e  d r y  m a t e r ia ls  (c e m e n t, s a n d  a n d  
c o a r s e  a g g r e g a t e s )  w e r e  m ix e d  fo r  a b o u t  60  s e c o n d s  b e fo re  th e  
b e g in n in g  o f th e  w a t e r  a d d it io n . T h e  w a t e r  w a s  c o n t in o u s ly  a d d e d  in to  
th e  m ix  f o r  a b o u t  4 5  s e c o n d s . A f t e r  th a t, m ix in g  w e n t  o n  fo r  a n  
a d d it io n a l  6 0  s e c o n d s . A c c o r d in g  to th e  A W W A  C 3 0 4 - 9 2 ,  5  c y l in d e r s  o f  
1 5 0  m m  in  d ia m e t e r  a n d  3 0 0  m m  lo n g  w e r e  e m p lo y e d  to c o n d u c t  th e  
c o m p le t e  t e s t in g  p r o g r a m  fo r  e a c h  te s t . T h e  m o u ld in g  o f  th e  s p e c im e n s  
w a s  d o n e  a c c o r d in g  to th e  A S T M  C 1 9 2 .  T h e  c y l in d e r s  w e r e  c a s t  in  3  
la y e r s .  A  v ib r a t in g  t a b le  w a s  u s e d  to c o n s o lid a t e  e a c h  la y e r  o f  c o n c r e t e .  
O n e  d a y  a f t e r  c a s t in g ,  th e  s p e c im e n s  w e r e  d e m o u ld e d  a n d  p u t  in  a  
m o is t  c u r in g  r o o m  in  o r d e r  to s a t i s f y  th e  " S t a n d a r d  C u r in g "  d e s c r ib e d  
in  th e  A S T M  C 5 1 2 .  T h e  2 8  d a y  c o m p r e s s iv e  s t r e n g t h s  a n d  th e  2 8  d a y  
e la s t ic  m o d u lu s  o f c o n c r e t e  w e r e  m e a s u r e d  a c c o r d in g  to A S T M  C 4 6 9  
a n d  A S T M  C 3 9 ,  r e s p e c t iv e ly  ( S e e  T a b l e  4 .4  a n d  F i g u r e  4 .1 0 ( b ) ) .
F i g u r e  4 . 1 1  p r e s e n t s  th e  r e la t io n s h ip  b e t w e e n  Y o u n g ' s  m o d u lu s  o f  
c o n c r e t e  a n d  it s  u lt im a t e  c y l in d e r  s t r e n g t h  u s in g  th e  d a t a  o b t a in e d  f r o m  
th e  e x p e r im e n t s  in  1 9 9 2  a n d  19 9 6 , to g e t h e r  w it h  th e  a p p r o x im a t e d  l in e s  
f o r  N a t io n a l  S t a n d a r d s .  F o r  B S  8 1 1 0 ,  C P  1 1 0  a n d  E u r o c o d e  2, th e  c u b e  
s t r e n g t h s  h a v e  b e e n  c o n v e r t e d  to c y l in d e r  s t r e n g t h s  to e n a b le  d ir e c t  
c o m p a r is o n  w it h  t e s t  r e s u lt s .  I n  F i g u r e  4 . 1 1 ,  th e  v a lu e  o f  1 . 1 6  is  
e m p lo y e d  a s  a  c o n v e r s io n  f a c t o r  f r o m  c u b e s  to c y l in d e r s  a t  2 8  d a y s  
a c c o r d in g  to  th e  s it e  t r ia l  r e s u lt s  w it h  e a c h  3 3  s p e c im e n s ,  b u t  th e  c u b e
s t r e n g t h  is  t a k e n  b y  p r o d u c t  o f  1 . 2 5  a n d  c y l in d e r  s t r e n g t h  in  n o r m a l  
p r a c t ic e . S u b s c r ip t  n u m b e r s  1  a n d  2  r e p r e s e n t  th e  d a t a  o b t a in e d  f r o m  
th e  L a b o r a t o r y  o f  U n i v e r s it e  d e  S h e r b r o o k e  in  19 9 6 , a n d  n u m b e r s  3  a n d  
4 f r o m  s ite  la b o r a t o r ie s  in  1 9 9 2 . ,  N a t u r a l  a g g r e g a t e s  w e r e  u s e d  fo r  
n u m b e r s  1  a n d  3  m ix e s ,  a n d  c r u s h e d  a g g r e g a t e s  f o r  n u m b e r s  2  a n d  4  
m ix e s .
In  F i g u r e  4 . 1 1 ,  th e  b r o a d  r e la t io n s h ip  b e t w e e n  th e  Y o u n g ' s  m o d u lu s  o f  
c o n c r e t e  a n d  it s  c o m p r e s s iv e  s t r e n g t h  is  n o t  c le a r , h o w e v e r , th e  
Y o u n g ' s  m o d u lu s  is  g e n e r a l ly  s e e n  to  b e  la r g e r  w it h  a  h ig h e r  s t r e n g t h  
( u n d e r  th e  e q u iv a le n t  t e s t  c o n d it io n ) . I n  th e  c a s e  o f  th e  s a m e  m a t e r ia ls ,  
th e  m a g n it u d e  o f  Y o u n g ' s  m o d u lu s  d e p e n d s  h ig h ly  o n  th e  c o n c r e t e  
d e n s it y  a n d  a ir  c o n t e n t  (a f f e c t e d  b y  th e  c a s t in g  m e th o d  o f  th e  c o n c r e t e ) ,  
w h e r e  th e  d e n s it y  o f  c o n c r e t e  g e n e r a l ly  in c r e a s e s  w it h  a n  in c r e a s e  in  
t h e  d e n s it y  o f  a g g r e g a t e  a m o n g s t  o t h e r  t h in g s .  F i g u r e  4 . 1 1  in  r e la t io n  
to th e  l im it e d  d a t a  in d ic a t e s  t h a t  ( 1 ) th e  e m p ir ic a l  f o r m u la  f o r  n o r m a l  
w e ig h t  o f  c o n c r e t e  r e c o m m e n d e d  b y  A C I  3 1 8  b u id l in g  c o d e ,
Ec= 4 . 7 3 ^  ( G P a )  w h ic h  a s s u m e s  t h a t  th e  m o d u lu s  o f  e la s t ic i t y  of  
c o n c r e t e  in c r e a s e s  w it h  th e  s q u a r e  r o o t  o f  it s  u lt im a t e  c y l in d e r  
s t r e n g t h , s e e m s  to b e  a  lo w e r  b o u n d  s o lu t io n , w h ile  (2 )  E u r o c o d e  2,
9 . 5 ( f cu +  8)0'33 ( G P a ) , in d ic a t e s  a n  u p p e r  b o u n d  o f d a t a  c o r r e c t e d  fr o m  
tw o  la b o r a t o r ie s  i n  L i b y a  a n d  a  lo w e r  b o u n d  f o r  th e  d a t a  o b t a in e d  f r o m  
th e  r e s u lt s  c o n d u c t e d  b y  U n i v e r s it e  d e  S h e r b r o o k e  in  19 9 6 . I n  g e n e r a l,  
(3 )  th e  f o m u la  f o r  B S  8 1 1 0  b a s e d  o n  th e  l im it e  s t a t e  d e s ig n  m e th o d ,  
5 .5 V  f cu/  7m ( k N /  m m 2), w h e r e  is  a  p a r t ia l  s a f e t y  f a c t o r  fo r  m a t e r ia l ,  
a n d  th e  B r it is h  c o d e  o f  P r a c t ic e  C P  1 1 0  f o r  th e  S t r u c t u r a l  U s e  o f
C o n c r e t e ,  E c= 9 . 1  f cu0,33 ( G P a )  a p p lic a b le  to th e  c o n c r e t e  w it h  d e n s it y
g r e a t e r  t h a n  2 3 0 0  k g / m 3, s e e m  to b e  m o r e  a p p r o p r ia te  f o r  th e
u n d e r g r o u n d  s t r u c t u r e s  w it h  th e  h ig h  s t r e n g t h  c o n c r e t e  in  c o m p a r is o n  
to A C I  3 1 8 .  E u r o c o d e  2  m a y  b e  s e n s b le  fo r  a  h ig h  p e r f o r m a n c e
c o n c r e t e , s a t i s f y in g  a  h ig h  m o d u lu s  o f  e la s t ic it y ,  h ig h  d e n s it y ,  lo w  
p e r m e a b il it y  a n d  r e s is t a n c e  to s o m e  f o r m s  o f  a t t a c k . I t  i s  n o t e d  t h a t  th e  
a b o v e -m e n t io n e d  S t a n d a r d  c o d e s  u s e  a  c h a r a c t e r is t ic  s t r e n g t h , w h ile  th e  
d a t a  o b t a in e d  f r o m  th e  la b o r a t o r ie s  c o r r e s p o n d s  to th e  m e a n  s t r e n g t h .
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T o  e s t im a t e  Y o u n g ' s  m o d u lu s  Ec, a t  d if f e r e n t  a g e s  o f c o n c r e t e , th e  
v a lu e  o f  c o m p r e s s iv e  s t r e n g t h  a t  t im e  t m a y  b e  t a k e n  f r o m  th e  
f o llo w in g  e x p r e s s io n s :
£' (28)
f ' c ( t )  = -------------5 q -Q - f o r  v e r t ic a l ly  c a s t  c o n c r e t e  (4 .9 )
0.8 64  +
f ' c ( t )  = -----------------------------------—  f o r  Sp u n - c a s t  c o n c r e t e  ( 4 .1 0 )
° - 959 +  T + f o
w h e r e  f ' c (2 8 ) i s  th e  d e s ig n  s t r e n g t h  o b t a in e d  f r o m  th e  c o n c r e t e  
c y l in d e r s  a t  2 8  d a y s .  ( Z a r g h a m e e  a n d  H e g e r ,  19 8 8 )
P o i s s o n 's  r a t io  o f  c o n c r e t e  fo r  a n  e la s t ic  m a t e r ia l  is  u s u a lly  in  th e  r a n g e  
o f  0 . 1 5  to 0 .2 2  f o r  c o n c r e t e , a v e r a g in g  a b o u t  0 .1 7 .  T h e  c o n c r e t e  fo r  
P C C P  h a s  a  h ig h e r  d e n s it y  c o m p a r e d  w it h  th e  n o r m a l c o n c r e t e  p r a c t ic e ,  
w h ic h  r e s u lt s  in  th e  lo w e r  v a lu e  o f  P o i s s o n ' s  r a t io .
F o r  a  p la n e  s t r a in  a n a ly s is ,  th e  s t if f n e s s  p a r a m e t e r s  a r e  a ls o  d e f in e d  b y  
th e  f o llo w in g  f o r m u la e :
Ec
( 1  -  v?)Ecp— / 1 , . 2 \  ( 4 . 1 1 )
c^p = - i = T  (4 12 )
F r o m  T a b l e  4 .3 , c o n c r e t e  d e n s it y  is  f ix e d  a t  2 4 0 0  k g / m 3 f o r  a l l  th e  
f in it e  e le m e n t  a n a ly s e s .  T h e  e la s t ic  b e h a v io u r  o f  m o r t a r  c o a t in g  s p r a y e d  
o n to  th e  s u r f a c e  o f  th e  c o n c r e t e  a n d  p r e s t r e s s in g  w ir e  is  a s s u m e d  to b e  
id e n t ic a l  to  t h a t  o f -t h e  c o n c r e te .
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4.3.2 F lexural rig id ity  of pipe
F l e x u r a l  r i g i d i t y  is  a  m a jo r  c o n c e r n  in  th e  d e te r m in a t io n  o f  th e  e la s t ic  
d e f le c t io n  o f  a  la r g e  d ia m e t e r  r ig id  p ip e . P r e d ic t in g  th e  b e h a v io u r  o f  a  
f o u r -m a t e r ia l  c o m p o s it e  w it h  d if f e r e n t  p r o p e r t ie s  s u c h  a s  c o n c r e t e ,  
c e m e n t  m o r t a r , s t e e l  s h e e t  a n d  p r e s t r e s s in g  w ir e  is  n o t  s t r a ig h t f o r w a r d ;  
e s p e c ia l ly  in  th e  c a s e  o f  p r e s t r e s s e d  r ig id  p ip e . C o n c l u s iv e ly ,  in  o r d e r  to 
e v a lu a t e  th e  r e a l  b e h a v io u r  o f th e  p ip e , in v e s t ig a t io n  o f e x p e r im e n t a l  
r e s u lt s '  s e e m s  to  b e  th e  o n ly  r e lia b le  w a y .
U n l ik e  a  n o r m a l c o n c r e t e  s t r u c t u r e ,  th e  c o m p r e s s io n  f o r c e  f r o m  th e  
p r e s t r e s s in g  w ir e  w it h  h ig h  t e n s ile  s t r e s s ,  w r a p p e d  h e lic a l ly  o n  th e  
o u te r  s u r f a c e  o f  c o n c r e t e  c o re , r e s u lt s  in  th e  in c r e a s e  o f  v ir t u a l  f le x u r a l  
r i g id it y  o f  P C C P  in  r e s p e c t  to  th e  d e fo r m a t io n  o f  t l ie  s t r u c t u r e .  
T h e r e f o r e ,  it  w o u ld  a p p e a r  t h a t  a n  e v a lu a t io n  o f  th e  f le x u r a l  r i g id it y  
f r o m  th e  c o r r e la t io n  o f  t h r e e -e d g e  b e a r in g  lo a d  a n d  it s  m e a s u r e  
d e f le c t io n  is  v a lu a b le .  T h i s  v ir t u a l  f le x u r a l  r ig id it y  c a n  b e  u s e d  a s  a n  
in p u t  p a r a m e t e r  in  o r d e r  to m o n it o r  th e  b e h a v io u r  o f  p ip e , in c lu d in g  th e  
f le x u r a l  s t r e s s e s  g e n e r a t e d . G e n e r a l ly ,  e la s t ic  d e fo r m a t io n  is  d ir e c t ly  
p r o p o r t io n a l to  th e  lo a d  im p o s e d  o n  th e  s t r u c t u r e  a n d  s p a n , a n d  a ff e c t e d  
b y  th e  s u p p o r t  a r r a n g e m e n t , b u t  in  r e c ip r o c a l  p r o p o r t io n  to  th e  f le x u r a l  
r ig i d i t y  E L  In  t h is  c h a p te r , th e  im m e d ia t e  d e f o r m a t io n s  c o r r e s p o n d in g  to  
th e  a p p lie d  lo a d  s u c h  a s  a  t h r e e -e d g e  b e a r in g  lo a d  w il l  b e  c o n s id e r e d ,  
e x c lu d in g  t im e -d e p e n d e n t  d e f o r m a t io n s  d u e  to c r e e p  a n d  s h r in k a g e  o f  
th e  m a t e r ia ls .
4.3.2.1 T h ree-ed ge bearing te s t
I n  g e n e r a l,  th e  t h r e e -e d g e  b e a r in g  t e s t  is  p e r fo r m e d  to d e t e r m in e  th e  
c r a c k in g  lo a d  f o r  a  r ig id  p ip e  b y  u s in g  th e  p r o c e d u r e  d e s c r ib e d  in  
A S T M  C 4 9 7 .  I t  is  a ls o  o c c a s io n a l ly  e m p lo y e d  fo r  th e  e v a lu a t io n  o f  th e  
s t r u c t u r a l  b e h a v io u r  o f  p ip e  u n d e r  e x t e r n a l  lo a d . T h e  t e s t  b a s ic a l ly  
in v o lv e s  th e  a p p lic a t io n  o f  a n  e x t e r n a l  l in e  lo a d in g  a t  th e  to p  a n d  
b o tto m  o f  th e  p ip e , a s  s h o w n  in  F i g u r e  2 .1 9 .  T h e  s p e c im e n  o f  p ip e  is  
u s u a l l y  2 .5  m e t r e s  lo n g  f o r  a  la r g e  d ia m e t e r  P C C P .  T o  e n s u r e  th e
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a p p lic a t io n  o f  a  u n if o r m  lo a d  a lo n g  th e  le n g t h  o f  s p e c im e n , a  f i l le t  o f  
p la s t e r  o f p a r is  a s  d e s c r ib e d  in  S e c t io n  4 .3 .7  o f A S T M  C 4 9 7  i s  p la c e d  
o n  th e  u p p e r  b e a r in g  s u r f a c e .  F o r  th e  b o tto m  b e a r in g  s u r f a c e  a  s im ila r  
a r r a n g e m e n t  is  m a d e , b u t  tw o  p a r a lle l f il le t  o f  p la s t e r  o f p a r is  a re  p la c e d  
w it h  a  s p a c e  n o t  m o r e  t h a n  2 5 .4  m m  ( 1  in c h )  a p a r t  fo r  e a c h  3 0 0  m m  ( 1  
fo o t) o f s p e c im e n  d ia m e t e r . T h e  lo a d  is  a p p lie d  a t  a  u n if o r m  r a t e  b a s e d  
o n  th e  le n g t h  o f  s p e c im e n  a s  d e s c r ib e d  in  S e c t io n  4 .3 .1  o f  C 4 9 7 ,  a n d  b y  
a  s in g le  h y d r a u l ic  j a c k  p la c e d  a b o v e  th e  p ip e  w h ic h  p u s h e s  v e r t ic a l ly
d o w n w a r d  o n  th e  to p  o f  th e  b e a m . O c c a s io n a l ly ,  th e  j a c k  is  p la c e d
b e lo w  th e  f lo o r  to  g e n e r a t e  a n  u p w a r d  f o r c e  u n d e r  th e  b o t t o m  o f  th e  
b e a m . T h e  s e l f - w e i g h t  o f  th e  p ip e  is  z e r o e d  o u t  o n  th e  c o n s o le  d ia l
b e fo re  s t a r t in g  th e  te s t , s o  t h a t  th e  d ia l  m e a s u r e s  o n ly  th e  e x t e r n a l  lo a d
b e in g  a p p lie d  to  th e  t e s t  p ie c e  o f  p ip e .
T h e  u s u a l  t h r e e -e d g e  b e a r in g  t e s t  i s  r u n  e it h e r  to e s t a b l is h  o r  c o n f ir m  
a  l in e a r  d e s ig n  r e la t io n s h ip  b e t w e e n  th e  r e s u lt a n t  p r e s t r e s s  in  th e  c o r e  
f cr, a n d  th e  f ir s t  v i s ib le  c r a c k  lo a d  W ool, o n  a n  in n e r  f ib r e  o f  th e  
c o n c r e t e  c o r e  a t  th e  in v e r t  o r  c r o w n  a n d  o n  th e  o u t s id e  c o a t in g  s u r f a c e  
a t th e  s p r in g l in e ,  w h e r e  th e  h ig h e s t  t e n s ile  s t r e s s e s  in  th e  p ip e  w a l l  a re  
g e n e r a t e d . T h e  t e r m  W 00l is  d e f in e d  a s  th e  lo a d  a t w h ic h  a  lo n g it u d in a l  
c r a c k  a p p e a r s  a n d  r e a c h e s  a  le n g t h  o f  3 0 0  m m  w it h  a  w id t h  o f  0 .0 2 5  
m m  (0 .0 0 1  in c h ) .  A S T M  C 4 9 7  r e q u ir e s  th e  0 .2 5  m m  c r a c k  lo a d  to b e  
r e c o r d e d , w h ic h  is  th e  l im it in g  d e s ig n  lo a d  u s e d  f o r  n o n -p r e s s u r e  
a p p lic a t io n s  s u c h  a s  r e in f o r c e d  c o n c r e t e  s e w e r  o r  c u lv e r t  p ip e . ( P r ic e  
B r o t h e r s , 19 8 6 )
4.3.2.2 N on-linearlity  of load-deflection  relationship
F u l l  s c a le  t h r e e -e d g e  b e a r in g  t e s t s  w e r e  c o n d u c t e d  a t  th e  G M R P  s it e  to  
in v e s t ig a t e  th e  lo a d  a n d  d e fo r m a t io n  b e h a v io u r  o f la r g e  d ia m e t e r  P C C P .  
D e f le c t io n  in d ic a t o r s  w e r e  a t t a c h e d  to th e  in b o a r d  o f  s p r in g  lo a d e d  
p lu n g e r s  w h ile  th e  o u t b o a r d  e n d s  o f  th e  p lu n g e r s  w e r e  in  c o n t a c t  w it h  
th e  in n e r  s u r f a c e  o f  th e  p ip e .
A  t y p ic a l  n o n lin e a r  lo a d -d e f o r m a t io n  b e h a v io u r  o f  t w o  id e n t ic a l  4000
m m  d ia m e t e r  P C C P  w it h  a  4 .8 8  m m  p r e s t r e s s in g  w ir e  a r e a  o f  3 0 .9 0  
c m 2 /m  is  p r e s e n t e d  in  F i g u r e  4 .1 2 .  F o r  p ip e  w it h  id e n t if ic a t io n  n u m b e r  
3 - 1 2 7 1 8 - B ,  th e  m e a n  c o n c r e t e  c o m p r e s s iv e  s t r e n g t h  a t  2 8  d a y  w a s  
r e c o r d e d  a t  a b o u t  4 6 .7  M P a ,  in d ic a t in g  a  s t a n d a r d  d e v ia t io n  o f  3 4 .5 5  
f r o m  2 8  s p e c im e n s .  F o r  3 - 1 4 2 8 6 ,  th e  c o m p r e s s iv e  s t r e n g t h  w a s  4 4 .2  
M P a  w it h  a  s t a n d a r d  d e v ia t io n  o f  3 2 .6 6  fo r  th e  s a m e  n u m b e r s  o f  
s p e c im e m s .
D u r in g  th e  t e s t  f o r  3 - 1 2 7 1 8 - B ,  th e  f ir s t  v is ib le  c r a c k  w a s  o b s e r v e d  
w it h  th e  u n a id e d  e y e  a t  th e  s p ig o t  in v e r t  o f  p ip e  u n d e r  th e  a p p lie d  lo a d  
o f 4 1 1  k N  p e r  l in e a r  m e tr e  o f  p ip e  le n g t h  a s  u s u a l,  p r o p a g a t in g  to  a  
le n g t h  o f 3 0 0  m m  w h e n  th e  lo a d  r e a c h e d  4 3 1 .2  k N .  A f t e r  th a t , a n o t h e r  
c r a c k  w a s  o b s e r v e d  a t  th e  s p ig o t  c r o w n  w h e n  th e  lo a d  w a s  4 5 1  k N .  
T h e  lo a d  w a s  in c r e a s e d  c o n t in u o u s ly  u n t il  th e  c o a t in g  s u r f a c e  c r a c k  
a p p e a r e d  o n  th e  s p r in g  lin e . W h e n  th e  lo a d  r e a c h e d  5 1 0  k N ,  th e  c o a t in g  
c r a c k  a p p e a r e d  a t  th r e e  o 'c lo c k .  T h e  o b s e r v a t io n  w a s  m a d e  t h a t  th e  
lo a d -d e f o r m a t io n  b e h a v io u r  o f  th e  tw o  p ip e s  w a s  a lm o s t  id e n t ic a l.  
M o r e o v e r , it  c a n  b e  s e e n  t h a t  th e  s lo p e  o f  th e  lo a d -d e f le c t io n  c u r v e  
w a s  g r a d u a lly  in c r e a s e d  w it h  a n  in c r e a s e  in  th e  a p p lie d  lo a d , a n d  th e  
r e s p o n s e  o f  th e  p ip e  w a s  a p p a r e n t ly  n o n lin e a r .
T h e  s lo p e  o f  th e  lo a d -d e f o r m a t io n  c u r v e  fo r  th e  4 0 0 0  m m  P C C P  w it h  a  
la r g e  q u a n t it y  o f  p r e s t r e s s in g  w ir e  a r e a  (3 6 .4 2  c m 2 /m )  is  le s s  t h a n  th e  
p ip e s  w it h  s m a l le r  q u a n t it y  o f  p r e s t r e s s in g  w ir e , a s  s h o w n  in  F i g u r e  
4 .1 3 .  T h e  r e s p o n s e  e x h ib it e d  a r e  a lm o s t  id e n t ic a l  to e a c h  o th e r . T h e  
t h r e e -e d g e  b e a r in g  t e s t s  f o r  r e la t iv e ly  s m a l l  d ia m e t e r  P C C P s  w e r e  a ls o  
c o n d u c t e d  f o r  th e  s a m e  p u r p o s e . R e g a r d le s s  o f  th e  p ip e  s iz e s ,  a  
t h ic k n e s s  o f  th e  c o n c r e t e  c o r e  r e la t iv e  to  th e  in s id e  d ia m e t e r  o f  th e  p ip e  
w a s  f ix e d  b y  a  m in im u m  v a lu e  o f  1 / 1 6  in  o r d e r  to  e n s u r e  th e  
s e r v ic e b i l it y .  T h e  in d ic a t io n  o f  th e  d e fo r m a b le  c h a r a c t e r is t ic s  is  
p r o p o r t io n a l to th e  f le x u r a l  r ig i d i t y  o f  th e  p ip e  s e c t io n , w h e r e  a  la r g e r  
d ia m e t e r  p ip e  m a in t a in s  a  h ig h e r  s t if f n e s s .
T h e  t im e  o f  f ir s t  v is ib le  c r a c k s  c o r r e s p o n d in g  to W 00i s e e m s  to b e  a  
f u n c t io n  o f  p ip e  d ia m e t e r , w a l l  t h ic k n e s s  a n d  r e s u lt a n t  c o m p r e s s iv e  
s t r e n g t h  o f  c o n c r e t e  c o r e  r e la t iv e  to th e  r a d ia l  c o n f in in g  p r e s s u r e s  o n
-  I l l  -
th e  c o n c r e t e  c o r e  t o w a r d  th e  c e n t r e  o f th e  p ip e . I n  t h is  r e s p e c t ,  s o m e  
p a r t s  o f  th e  in d u s t r y  u s e  th e  f o llo w in g  e m p ir ic a l  f o r m u la e  to  d e te r m in e  
th e  a llo w a b le  d e s ig n  3 - e d g e  lo a d  W 0, w h e r e  W 0 i s  d e f in e d  b y  9 0 %  o f  
th e  3 - e d g e  lo a d  W 00i,  p r o d u c in g  in c ip ie n t  c r a c k in g  in  th e  c o re , w it h  n o  
in t e r n a l  p r e s s u r e .
t 2
W 0 =  ~t£ ~  ( 1 6 . 1 5 f tt +  9 ,6 8 8 ) - 0 . 8 2 W p  fo r  E C P  ( 4 .1 3 )
^  m
t 2
W „ =  - p = -  ( ( 9 .5 0  +  0 . 1 7 3 D j f cr + 5 , 3 7 7 ]  fo r  L C P  ( 4 .1 4 )
w h e r e ,
t w = p ip e  w a ll  t h ic k n e s s
R m =  m e a n  r a d iu s  o f  p ip e
¥ p = p ip e  w e ig h t  p e r  u n it  le n g t h
I f  th e  m in im u m  d e s ig n  t h ic k n e s s  o f  th e  e m b e d d e d  c y l in d e r  p ip e , 1 / 1 6  o f  
th e  p ip e  in s id e  d ia m e t e r  is  u s e d , W 0 c a n  b e  a ls o  e x p r e s s e d  b y
t 2
W 0 =  - s 2 -  ( 1 4 .4 5  f c r - f -8 , 6 6 7 ) -  0 .7 3 W p ( 4 .1 5 )
Z a g h a m e e  a n d  P le g e r  ( 1 9 8 8 )  c o n f ir m e d  t h a t  th e  a c c u r a c y  o f  th e  a b o v e  
f o r m u la e  h a s  b e e n  s u b s t a n t ia t e d  fo r  s o m e  s t a n d a r d  p r e s t r e s s e d  
e m b e d d e d  a n d  lin e d  c y l in d e r  p ip e .
A s  h a s  b e e n  p o in t e d  o u t, th e  g e n e r a l  t r e n d  o f  th e  s t r u c t u r a l  b e h a v io u r  
o f  la r g e  d ia m e t e r  r i g i d  p ip e  is  a n  e n t ir e ly  n o n lin e a r  r e s p o n s e  u n d e r  
t h r e e -e d g e  b e a r in g  lo a d s , a lt h o u g h  it  c a n  b e  a s s u m e d  a s  a  l in e a r  e la s t ic  
m a t e r ia l  c o n s id e r in g  a  s e c a n t  f le x u r a l  s t if f n e s s  in  th e  in it ia l  p a r t  o f  th e  
c u r v e .  I t  c a n  b e  s e e n  t h a t  th e  h y p e r b o lic  m o d e l f o r  th e  n o n - l i n e a r  
s t r e s s - s t r a i n  b e h a v io u r  is ,  in  f a c t ,  m o r e  a p p r o p r ia te  fo r  th e  c o m p o s it e  
p ip e  s t r u c t u r e .
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4.3.2.3 F lexural rig id ity
P C C P  c a n  b e  t r e a te d  a s  a  c lo s e d  c ir c u la r  r in g  a s  a  s t a t ic a l ly  
in d e t e r m in a t e  b e a m . C a s t i g l i a n o ' s  f ir s t  th e o r e m  c a n  b e  th e r e fo r e  
e m p lo y e d  f o r  th e  s t r u c t u r a l  a n a l y s is  o f  p ip e . T h e  f o r m u la e  f o r  b e n d in g  
m o m e n t s  a n d  v e r t ic a l  d e f le c t io n s  a re  in tr o d u c e d  to e s t im a t e  th e  f le x u r a l  
r i g id it y  o f  c o n c r e t e  p ip e  s e c t io n  a s s o c ia t e d  w it h  th e  t h r e e -e d g e  b e a r in g  
lo a d .
T h e  f le x u r a l  r i g i d i t y  o f  a n y  c o n c r e t e  s e c t io n  is  s ig n if ic a n t ly  a ff e c t e d  b y  
th e  e x t e n t  o f  c r a c k in g  in  th e  e le m e n t. H e g e r ( 1 9 6 3 )  c la im e d  t h a t  th e  
m a g n it u d e  o f  f le x u r a l  r ig i d i t y  o f  a  c r a c k e d  s e c t io n  is  r e d u c e d  b y  a b o u t  
7 0 %  o f  it s  u n c r a c k e d  s e c t io n . F o r  th e  p r e s s u r e  p ip e  u n d e r  w o r k in g  
lo a d s  a n d  p r e s s u r e s ,  it  i s  n e c e s s a r y  to  m a in t a in  c o n f id e n c e  t h a t  th e  
c o n c r e t e  c o r e  d o e s  n o t  d e v e lo p  m ic r o c r a c k in g  a t  th e  in n e r  f ib r e  o f  th e  
c o r e  a n d  v i s ib le  c r a c k s  a t  th e  o u t s id e  s u r f a c e  o f  th e  c o r e  a n d  c o a t in g  
b y  r e s t r ic t in g  th e  t e n s ile  s t r a in .  D u e  to th e  c o n c e n t r a t e d  lo a d s  a p p lie d  to  
th e  to p  a n d  b o tto m  o f th e  r in g ,  s h o w n  in  F i g u r e  4 .1 4 ( b ) ,  m a x im u m  
b e n d in g  m o m e n t s  a re  g e n e r a t e d  a t  b o th  lo a d in g  p o in t s  u n d e r  th e  
a s s u m p t io n  o f  a  z e ro  w e ig h t  o f  s t r u c t u r e ,  a n d  th e  d ia m e t e r  c h a n g e s  in  
th e  h o r iz o n t a l  a n d  v e r t ic a l  d ir e c t io n s  a r e  g iv e n  b y  th e  f o llo w in g  f o m u la e  
( R o a r k  e t  a l, 1 9 8 5 ) :
>hu
0 . 1 3 7 W ool R ,  
E l ( 4 .1 6 )
0 . 1 4 9 W ool R ,
E l ( 4 .1 7 )
w h e r e ,
fth u
f t v u
W00l
d ia m e t e r  c h a n g e  in  h o r iz o n t a l d ir e c t io n  (t h r o u g h  
th e  p ip e  s p r in g l in e  a t  th e  u lt im a t e  s t a t e )  
d ia m e t e r  c h a n g e  in  v e r t ic a l  d ir e c t io n  ( b e t w e e n  th e  
p ip e  c r o w n  a n d  in v e r t  a t  th e  u lt im a t e  s t a t e )  
t h r e e -e d g e  b e a r in g  t e s t  lo a d  t h a t  p r o d u c e s  a n  
in c ip ie n t  c o re  o r  c o a t in g  c r a c k
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R m =  m e a n  r a d iu s  o f  p ip e
E  =  Y o u n g ' s  m o d u lu s  o f  p ip e
1 =  s e c o n d  m o m e n t  o f  in e r t ia  o f  p ip e  w a l l  s e c t io n
a b o u t  n e u t r a l  a x is  in  u n it  le n g t h
I n  w h ic h ,  th e  s e c o n d  m o m e n t  o f  in e r t ia  I, o f  a  p ip e  s e c t io n  c a n  b e  
r e p la c e d  b y  t w3/ 12  ( 1  — vc2) in  c a s e  o f  p la n e  s t r a in  a n a l y s is ,  w h e r e  tw
a n d  uc a r e  th e  t h ic k n e s s  a n d  th e  P o i s s o n ' s  r a t io  o f  th e  p ip e  w a ll,
r e s p e c t iv e ly .  S in c e  a  d if f e r e n c e  b e t w e e n  1 a n d  t w3/ 12  ( 1  — yc2) is  v e r y  
s m a l l  (2  - 4  % ) ,  it  c a n  b e  ig n o r e d  in  th e  a n a ly s is .
D is p la c e m e n t s  d u e  to s e l f - w e i g h t  o f p ip e  a re  c a lc u la t e d  f r o m  th e
f o llo w in g  g e n e r a l  f o r m : ( P a r is ,  1 9 2 1 )
>t = .0.4292wR,« (41g)
0 .2 7 9 8  w  R in  ^
E l
w h e r e , w  is  th e  w e ig h t  o f  th e  p ip e  p e r  l in e a r  m e tr e  ( F i g u r e  4 .1 4 ( a ) ) .
S in c e  th e  p ip e  w e ig h t  is  z e r o e d  o u t  o n  th e  c o n s o le  d ia l  b e f o r e  s t a r t in g  
th e  te s t , a s  e x p la in e d  b e fo re , th e  p u r e  f le x u r a l  r ig id it ie s  o f p ip e  f o r  th e  
h o r iz o n t a l  a n d  v e r t ic a l  d ir e c t io n s  c a n  b e  e x p r e s s e d  b y  th e  f o llo w in g  
r a t io n a l  f o r m s :
W  R  3
( E I) h .emp =  0 . 1 3 7  j * - ® -  (4 .2 0 )
W  R  3
( E I ) v.emp =  0 . 1 4 9 ------------------------------------------------------------------------------------------ ( 4 .2 1 )
w h e r e ,
(El)h.emp =  f le x u r a l  r i g id it y  to w it h s t a n d  h o r iz o n t a l
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d e fo r m a tio n , c o r r e s p o n d in g  to  th e  s e c t io n  a t  
th e  s p r in g l in e  o f p ip e  d u e  to  a  g iv e n  lo a d  
W
( E I ) v>emp =  f le x u r a l  r ig i d i t y  to w it h s t a n d  v e r t ic a l
d e fo r m a io n , c o r r e s p o n d in g  to th e  s e c t io n s  
a t  th e  to p  a n d  b o tto m  o f p ip e  d u e  to a  
g iv e n  lo a d  W
E q n s  4 .2 0  a n d  4 .2 1  a re  th e r e fo r e  u s e d  fo r  th e  d e t e r m in a t io n  o f  th e  
v ir t u a l  f le x u r a l  r i g i d i t y  o f  th e  p ip e  s e c t io n . T h e s e  v a lu e s  w e r e  la t e r  
u s e d  f o r  th e  v e r if ic a t io n  o f  th e  C R I S P  p r o g r a m  w it h  r e s p e c t  to  s o i l -p i p e  
in t e r a c t io n  p r o b le m s .
4.4 M ulti-L ayered Model of Pipe W all
T h i s  s e c t io n  d e s c r ib e s  a  s im p le  m u l t i - l a y e r e d  r in g  m o d e l w h ic h  w il l  b e  
u s e d  f o r  f in it e  e le m e n t  a n a l y s is  to  in v e s t ig a t e  th e  c h a n g e  o f  th e  f le x u r a l  
s t r e s s e s  a n d  b e n d in g  m o m e n t s  in c u r r e d  in  a  la r g e  d ia m e t e r  r i g i d  p ip e  
w a ll  u n d e r  th e  v a r io u s  lo a d in g  c o n d it io n s  in  C h a p t e r  5 . T h e  v a l id i t y  o f  
th e  s im p le  r in g  m o d e l is  a ls o  d is c u s s e d ,  c o m p a r in g  th e  e x p e r im e n t a l  
d a t a  o b t a in e d  f r o m  th e  s it e  w it h  a  p u r e  a n a ly t ic a l  s o lu t io n . T h i s  c h a p t e r  
in c lu d e s  a  p r e l im in a r y  d is c u s s i o n  o n  th e  d if f e r e n c e  o f  th e  b e h a v io u r s  
b e t w e e n  p r e s t r e s s e d  p ip e  a n d  n o n -p r e s t r e s s e d  p ip e  in  th e  p r o c e s s  o f th e  
n u m e r ic a l  a n a ly s e s  s u b je c t e d  to th e  t h r e e -e d g e  b e a r in g  te s t .
4.4.1 Geometric configulation and modelling philosophy
N u m e r ic a l  m o d e ll in g  c o n s id e r s  o n ly  a  h a lf  s e g m e n t  o f  p ip e , s in c e  it  is  
s y m m e t r ic  a b o u t  th e  y - a x i s .  F i g u r e  4 .1 5  i l lu s t r a t e s  a  b a s ic  
lo a d -d e f le c t io n  s c h e m e  w it h  th e  h a lf  s e g m e n t  p ip e  f o r  t h e  s im u la t io n  o f  
th e  th r e e  e d g e  b e a r in g  t e s t  ( b u t  a  tw o  e d g e  lo a d  s y s t e m  i s  c o n s id e r e d  
fo r  s im p lif ic a t io n )  in  th e  f in it e  e le m e n t  m e th o d , in c lu d in g  th e
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d is p la c e m e n t  f ix it ie s .  E a c h  h a lf  is  a s s u m e d  to b e  a c u r v e d  c a n t i le v e r  
b e a m , fre e  a t  th e  to p  a n d  f ix e d  a t  th e  b o tto m . S in c e  th e  c o n d it io n s  
a lo n g  th e  le n g t h  o f  th e  p ip e  a re  u n if o r m , it  i s  p o s s ib le  to a n a ly s e  j u s t  a  
o n e  m e tr e  le n g t h  o f  p ip e  b a s e d  o n  th e  p la n e  s t r a i n - s t r e s s  c o n d it io n . T h e  
b o tto m  e n d  o f  th e  p ip e  is  r e s t r a in e d  b o th  in  th e  x  a n d  y  d ir e c t io n s ,  to  
u t i l is e  th e  s a m e  m a g n it u d e  o f  r e a c t io n  a g a in s t  th e  d o w n w a r d  f o r c e  
a p p lie d  to  th e  to p  o f p ip e , w h ile  th e  to p  e n d  s e c t io n  is  r e s t r a in e d  in  x
d ir e c t io n  o n ly . T h i s  a llo w s  a  d o w n w a r d  d e f le c t io n  o f th e  c r o w n , le a d in g
to th e  o u t w a r d  d e f le c t io n  o f  th e  s p r in g l in e .  F o r  a n  u n y ie ld in g  f ix e d  e d g e  
w it h  n o  m o v e m e n t  in  b o th  v e r t ic a l  a n d  h o r iz o n t a l d ir e c t io n s ,  th e  lo a d  
L * ,  w h ic h  is  th e  s u m  o f  th e  a p p lie d  lo a d  L ( teb), a n d  th e  p ip e
s e l f - w e i g h t  o f  a  h a lf  s e g m e n t , u t i l is e s  th e  im a g in a r y  lo a d  (o r  r e a c t io n )  
R ( = L * ) ,  a t  th e  b o tto m  o f th e  p ip e , p r o d u c in g  th e  t w o  e d g e  lo a d
m e c h a n is m  in  th e  f in it e  e le m e n t  a n a ly s is .  A p p e n d ix  B l - 1  p r o v id e s  th e  
d e fo r m e d  a n d  u n d e f o r m e d  m e s h e s  o b t a in e d  fr o m  th e  C R I S P  a n a l y s is  fo r  
C a s e  I I  ( T E B 2 1 )  w it h  a  s c a le  in  a  d is p la c e m e n t  m a g n it u d e  f a c t o r  o f  
20. 00.
A  t y p ic a l  m u l t i - l a y e r e d  m o d e l o f  p r e s t r e s s e d  c o n c r e t e  p ip e  w a l l  a n d  th e  
p lo ts  o f  th e  m e s h  fo r  c o m b in e d  s e t s  o f  p ip e  w a ll  is  i l lu s t r a t e d  in  F i g u r e  
4 .1 6 .  E le m e n t  t y p e s  c o n s is t  o f  8 - n o d e d  l in e a r  s t r a in  q u a d r ila t e r a l  
e le m e n t s  ( L S Q )  f o r  b o th  c o n c r e t e  a n d  m o r t a r  a n d  3 -n o d e d  l in e a r  s t r a in  
b e a m  e le m e n t s  f o r  p r e s t r e s s in g  w ir e , h a v in g  a  s a m e  n u m b e r  o f  n o d e s  
a lo n g  c o m m o n  e le m e n t  e d g e s  a s  q u a d r ila t e r a l  e le m e n t s . T h e  b e a m
e le m e n t  u s e d  is  c a p a b le  o f  t r a n s m it t in g  m o m e n t s  a s  w e ll  a s  a x ia l
f o r c e s , a n d  h a s  a  d is p la c e m e n t  d e g r e e  o f  f r e e d o m  a t  e a c h  n o d e . A n  
is o t r o p ic  l in e a r  e la s t ic  m o d e l h a s  b e e n  e m p lo y e d  f o r  b o th  c o n s t it u e n t  
m a t e r ia ls .  S in c e  th e  d e fo r m a t io n  o f p ip e  is  r e m a r k a b ly  s m a l l  in  th e  f ie ld
c o n d it io n , it  c a n  b e  a s s u m e d  t h a t  th e  p ip e  e x h ib it s  l in e a r
lo a d -d e f o r m a t io n  c h a r a t e r is t ic s  ( S e e  F i g u r e  4 .1 7 ) .  T h e  e m b e d d e d  s t e e l  
c y l in d e r  in  th e  c o n c r e t e  c o re  i s  ig n o r e d , b e c a u s e  it  is  c o m p e n s a t e d  b y  
u s in g  th e  h ig h e r  f le x u r a l  r i g id it y  o f  th e  c o r e  s e c t io n . T h e  p r e s t r e s s in g  
w ir e  is  m o d e lle d  u s in g  a  s m e a r e d  p la t e  s te e l la y e r  w it h  th e  e q u iv a le n t  
b e n d in g  s t if f n e s s  p r o p e r t ie s . T h e  s m e a r e d  s t e e l a p p r o a c h  c a n  b e  u s u a l ly  
a p p lie d  to th e  f in it e  e le m e n t  m o d e ls  f o r  r e in f o r c in g  b a r s  o r  p r e s t r e s s in g  
w ir e s  in  o r d e r  to a v o id  a  v e r y  c o m p lic a t e d , f in e  m e s h  ( Z a r g h a m e e , 19 8 8
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and 1990).
T h e  m o d e l s h o w n  in  F i g u r e  4 .1 6  is  te r m e d  " F E M  C a s e  I" . H o w e v e r ,  
a lt h o u g h  it  w a s  g r e a t ly  , s im p lif ie d  c o m p a r e d  to th e  r e a l  c o n f ig u la t io n  o f  
th e  p ip e  w a ll ,  u n c e r t a in t ie s  r e m a in ;  f o r  in s t a n c e ,  th e  in t e r r u p t io n  
b e t w e e n  th e  c o a r s e  ( c o n c r e t e )  a n d  f in e  ( m o r t a r  c o a t in g )  m e s h e s  c a n  n o t  
b e  a v o id e d  d u r in g  th e  a p p lic a t io n  o f  p r e s t r e s s in g  o n  th e  o u t e r  s u r f a c e  o f  
c o n c r e t e  c o r e  in  p a r t ic u la r ,  a n d  n o  v a l id it y  o n  th e  in t e r p r e t a t io n  o f  
f le x u r a l  b e n d in g  m o m e n t  c o r e s s p o n d in g  to th e  w h o le  s e c t io n  o f  th e  p ip e  
c a n  b e  a s s u m e d  b e c a u s e  it  c o n s is t s  o f  th r e e  d if f e r e n t  e le m e n t s , a s  w e ll.  
A  f u r t h e r  s im p lif ie d  m o d e l ( C a s e  I I )  w a s  th e r e fo r e  in tr o d u c e d , u s in g  a n  
L S Q  fo r  w h o le  p ip e  s e c t io n , w it h  a b e a m  e le m e n t  e n c a s e d  in  i t s  o u t e r  
s u r f a c e .  F o r  a  n o n -p r e s t r e s s e d  r ig id  p ip e , a n  e x t r e m e ly  s im p lif ie d  m o d e l  
w h ic h  c o n t a in s  L S Q  e le m e n t s  o n ly  c o m p r is e s  C a s e  I I I .
A s  h a s  b e e n  d e s c r ib e d  a b o v e , th e  b e h a v io u r  o f  th e  b e a m  is  m o s t ly  
u n p r e d ic t a b le  d u e  to th e  c o m p lic a t e d  m a t e r ia l  p r o p e r t ie s . A lt h o u g h  th e  
c o n s t it u t iv e  r e la t io n s h ip s  f o r  c o n c r e t e  a n d  m o r t a r  c a n  b e  a s s u m e d  to  b e  
t r i l in e a r  f o r  s im p l ic it y  o f  c o m p u t a t io n , th e  a c t u a l  s lo p e  o f  th e  l in e a r  
s t r e s s - s t r a i n  r e la t io n s h ip s  a r e  a p p a r e n t ly  d if f e r e n t  to e a c h  o th e r.  
M o r e o v e r , th e  o n s e t  o f  m ic r o c r a c k in g  o c c u r s  a t  d if f e r e n t  s t r a in  
c o n d it io n s , a n d  th e  s t r e s s - s t r a i n  b e h a v io u r  in  th e  s t r a in -s o f t e n e d  s t a t e  
c a n  n o t  b e  tr e a te d  a s  th e  s a m e  m a t e r ia l.
U n l ik e  a  c o n v e n t io n a l  d ia g r a m  o f s t r a in  a n d  s t r e s s  d is t r ib u t io n  f o r  th e  
r e in f o r c e d  c o n c r e t e  s t r u c t u r e ,  Z a g h a m e e  a n d  F o k ( 1 9 9 0 )  p r e s e n t e d  a  
r a t io n a l  m e th o d  f o r  th e  d e s ig n  o f P C C P  b a s e d  o n  c e r t a in  l i m i t -s t a t e s  
c r it e r ia .  T h e s e  w e r e  ( i)  s e r v ic e b i l i t y  l im it s  f o r  c r a c k  c o n t r o l in  th e  
c o n c r e t e  c o r e  a n d  m o r t a r  c o a t in g  o f  th e  p ip e , ( ii)  e la s t ic  l im it s  to  
m a in t a in  r e p e a t a b il it y ,  a n d  ( i i i)  s t r e n g t h s  l im it s  o f  th e  c o n s t it u e n t  
m a t e r ia ls .  F i g u r e  4 . 1 7  is  a  s c h e m a t ic  d ia g r a m  o f  s t r a in  a n d  s t r e s s  
d is t r ib u t io n s  f o r  a  s im p lif ie d  f le x u r a l  b e a m  o f P C C P  c o r r e s p o n d in g  to  
F i g u r e  4 .1 6  ( F E M  C a s e  I) ,  ig n o r in g  th e  s t e e l c y l in d e r  e m b e d d e d  in  th e  
c o n c r e t e  c o r e  f r o m  th e  o r ig in a l  Z a r g h a m e e  a n d  F o k ( 1 9 9 0 ) ' s  d ia g r a m  
w h ic h  i s  d e v e lo p e d  f o r  th e  c o m p u t a t io n  o f b e n d in g  s t r a in s  a n d  s t r e s s e s  
in  th e  p ip e  w a l l  a t  th e  in v e r t  a n d  c r o w n . A s  c a n  b e  s e e n , the- d ia g r a m
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is  s o p h is t ic a t e d  in  d e t e r m in in g  a  b e n d in g  m o m e n t  o f  p ip e  w a ll ,  a n d  
r e q u ir e s  a  h ig h  d e g r e e  o f  n u m e r ic a l  t e c h in iq u e  a s  w e ll .  T h e  
in te r p r e ta t io n  m e th o d  o f  th e  r e s u lt s  o b t a in e d  f r o m  th e  c o n v e n t io n a l  f in ite  
e le m e n t  a n a n ly s i s  a re  c o m p le x , n e v e r t h e le s s ,  it  d o e s  n o t  g u a r a n t e e  th e  
v a l id i t y  o f  th e  r e s u lt s .  H o w e v e r ,  t h is  t y p e  o f  m o d e l h a s  g r e a t  m e r it  to 
f in d  th e  m e c h a n ic a l  r e s p o n s e s  f o r  in d iv id u a l  m a t e r ia ls ,  w h e r e in  
u n c e r t a in t ie s  r e m a in  in  th e  s t r e s s  o f  m o r t a r  c o a t in g  in  r e s p e c t  to  a s p e c t  
r a t io s  b e t w e e n  tw o  e d g e s  o f  e a c h  e le m e n t. T h u s ,  it  is  c o n c lu d e d  t h a t  
C a s e  I I  w il l  b e  u s e d  fo r  th e  a n a ly s e s  o f th e  p r e s t r e s s e d  p ip e , a n d  C a s e  
I I I  fo r  a  n o n -p r e s t r e s s e d  p ip e .
4.4.2 Deform ation characteristics of prestressed  and 
n on -p restressed  rigid pipe
P r e s t r e s s e d  c o n c r e t e  p ip e  w a l l  i s  n o n h o m o g e n e o u s  in  t h a t  i t  is  m a d e  o f  
f o u r  e n t ir e ly  d if f e r e n t  m a t e r ia ls .  F r o m  F i g u r e  4 .16 , s e c t io n  p r o p e r t ie s  o f  
p ip e  w a l l  c a n  b e , h o w e v e r ', o b t a in e d  f ro m  a  c o n v e n t io n a l m e t h o d  u s in g  
p a r a lle l  a x is  t h e o r e m  w h e r e  i - S i  o +  A C 2 a t  c e n tr o id , s u p p o s in g  t h a t
(i)  a  p la n e  c r o s s  s e c t io n  r e m a in s  p la n e  u n d e r  lo a d  a n d  ( ii)  c o m p o s it e  
m a t e r ia ls  b e h a v e  in  a  s i m ila r  m a n e r . T h e  s e c o n d  m o m e n t  o f
in e r t ia  o f  p ip e  w a l l  a t  th e  c r o w n  o r  in v e r t  a n d  t h a t  o f  t h e  s p r in g l in e  
s h o u ld  b e  d is t in g u is h e d  b e c a u s e  o f  th e  d if f e r e n t  s t r e s s  s t a t e s .  F o r  
in s t a n c e ,  a t  w o r k in g  lo a d , th e  m a x im u m  s t r a in  e x h ib it s  in  th e  o u t e r  
f ib r e s  o f th e  s p r in g l in e ,  w h ic h  is  g e n e r a l ly  a s s u m e d  b e y o n d  th e  e la s t ic  
l im it  (o r  la r g e r  t h a n  th e  m o d u lu s  o f r u p t u r e )  le a d in g  to th e  d e v e lo p m e n t  
o f  t e n s io n  c r a c k s  o n  th e  s u r f a c e  o f  m o r t a r  c o a t in g , w h ile  th e  in n e r  f ib r e  
o f th e  c o n c r e t e  s e c t io n  is  in  c o m p r e s s io n . T h u s  th e  t h ic k n e s s  o f  m o r t a r  
c o a t in g  d o e s  n o t  u s u a l l y  c o n t r ib u t e  to th e  s e c t io n a l  m o d u lu s .  In  
c o n t r a s t ,  th e  t e n s ile  s t r e s s  a t  th e  in n e r  f ib r e  o f th e  in v e r t  (o r  c r o w n )  o f  
th e  c o n c r e t e  c o r e  is  k e p t  w it h in  th e  a llo w a b le  s t r e s s  l im it ,  t h u s  th e  
w h o le  s e c t io n  o f  p ip e  w a l l  c a n  b e  e n c o u n te r e d  in  th e  c a lc u la t io n  o f  
s e c t io n a l  p r o p e r t ie s . F o r t u n a t e ly ,  th e  p ip e  d e s ig n  is  s u b s t a n t ia l ly  
g o v e r n e d  b y  th e  s e c t io n  e it h e r  a t  in v e r t  o r  c r o w n , h e n c e , th e  w h o le  
s e c t io n  w il l  b e  c o n s id e r e d  in  t h is  t h e s is .
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T h e  d is t a n c e  o f  c e n t r o id  f r o m  t e n s io n  f a c e  ( in n e r  f ib r e  o f  c o n c r e t e  c o r e )  
i s  g iv e n  b y :
A cCx +  A mC2 +  ( n r — 1) A SC3 
A r. +  A m +  Ac ( 4 .18 )
w h e r e  n r is  th e  r e s u lt a n t  m o d u la  r a t io  o f  p r e s t r e s s in g  w ir e s .
T h e  s e c o n d  m o m e n t  o f  in e r t ia  f o r  e a c h  m a t e r ia l  a b o u t  th e  c e n t r o id  
b e c o m e s
1 /
( t c ) 3 . „ t c n2
12  + A c(C 2 3
f f
T ' —  —is  L A  ( f  — r 4- — \ 2Am 22 n mVLc L/ T  2
I s ' =  A s( t c - C + ^ ) 2
( 4 .1 9 )
(4 .2 0 )
( 4 .2 1 )
w h e r e ,
I c '
Im '
I s '
t c
t m
d s
s e c o n d  m o m e n t  o f  in e r t ia  fo r  c o n c r e t e  c o r e  to th e  
c e n t r o id
s e c o n d  m o m e n t  o f  in e r t ia  f o r  m o r t a r  c o a t in g  to  
th e  c e n t r o id
s e c o n d  m o m e n t  o f  in e r t ia  f o r  p r e s t r e s s in g  w ir e s  to
th e  c e n t r o id , a s s u m in g  t h a t  I 0 «  0
c o n c r e t e  c o r e  t h ic k n e s s
m o r t a r  c o a t in g  t h ic k n e s s
P r e s t r e s s in g  w ir e  d ia m e t e r
B y  u s in g  E q n  4 .1 7 ,  th e  e m p ir ic a l  e la s t ic  m o d u lu s  o f  c o n c r e t e  c o re  
in c lu d in g  s t e e l c y l in d e r  d u e  to th e  p r e s t r e s s in g  e f f e c t  c a n  b e  
r e -o r g a n i s e d  b y  th e  f o llo w in g  e q u a t io n :
E (EI)v. E m  Im ' +  E w I s 'emp 1 -‘-'  x sc.emp 1 / (4 .2 2 )
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F o r  th e  p ip e  h a v in g  th e  f o llo w in g  g e o m e t r y  a n d  m a t e r ia l  p r o p e r t ie s ,
t c = 2 5 0  m m
1-m = 3 0  m m
d s = 4 .8 8  m m
A s = 3 0 .9 0  c m 2 /m
C - 1 5 2  m m , a s s u m in g  nr — 6
I c '
= 0 .0 0 14 8  m 4/ m
I m ' = 0 .0 0 0 3 9  m 4/ m
I s ' = 0 .0 0 0 0 3  m 4/ m
E m = 4 4  G P a
E w = 2 0 0  G P a
A  v a lu e  o f  e la s t ic  m o d u lu s  o f  c o n c r e t e  c o re  is  e s t im a t e d  b y  th e  
f o llo w in g  s im p lif ie d  e q u a t io n .
E c.erap =  . ^ W ^ 0232 ( G P a > <4 -2 3 >
F i g u r e  4 .1 8  i l lu s t r a t e s  h o w  to  o b t a in  th e  s t if f n e s s  o f  w a l l  a s  a n  in p u t  
p a r a m e t e r  f o r  th e  n u m e r ic a l  a n a l y s is .  T h e  n o n - l in e a r  c u r v e  in  F i g u r e  
4 .1 8  is  a d o p te d  f r o m  F i g u r e  4 . 1 2  ( S p e c im e n  n u m b e r  3 - 1 2 7 1 8 - B ) .  T h e  
s t r a ig h t  l in e s  p lo tte d  a r e  th e  r e s u lt s  o b t a in e d  b y  f in ite  e le m e n t  m e th o d  
u s in g  a p p r o x im a t e d  Y o u n g ' s  m o d u lu s  o f  c o n c r e t e  b y  t a k in g  a  s e c a n t  
g r a d ie n t  o f  th e  in it ia l  p a r t  o f c u r v e .  I n  th e  d e v e lo p m e n t  o f  l in e a r  e la s t ic  
b e h a v io u r  o f  th e  s y s t e m ,  it  m a y  b e  n e c e s s a r y  to r e -c a l c u l a t e  o n e  o r  
m o r e  t im e s  i f  th e  l in e a r it y  o f  th e  s y s t e m  a s s u m e d  fo r  t h a t  p a r t ic u la r  
s t e p  g o e s  o n  f a r a w a y  f r o m  th e  a c t u a l ly  m e a s u r e d  n o n - l i n e a r  c u r v e .  B y  
t r ia l  a n d  e r r o r , it  is  c o n c lu d e d  t h a t  a  d e s ig n  v a lu e  o f  w a ll  m o d u lu s  s h a l l  
b e  a t  le a s t  88 G P a  fo r  a  n o n -p r e s t r e s s e d  p ip e  to s a t i s f y  th e  d e f le c t io n  
c o n t r o l  r e q u ir e m e n t  o f b u r ie d  p ip e  w it h in  th e  w o r k in g  lo a d  ( g e n e r a l ly  to  
b e  w it h in  ± 2  m m  c h a n g e  in  d ia m e t e r  f o r  a  r ig id  la r g e  d ia m e t e r  p ip e ).
S in c e  th e  w o r k in g  lo a d  is  u s u a l ly  le s s  t h a n  5 0 %  o f  th e  u p p e r  b o u n d  in  
F i g u r e  4 .1 8 ,  a  n o r m a l c o n c r e t e  p r o p e r t y  o f 4 4 G P a  fo r  a  n o n -p r e s t r e s s e d
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p ip e  a lw a y s  r e s u lt s  in  th e  h ig h e r  d e g r e e  o f  d is p la c e m e n t  in  v e r t ic a l  a n d  
h o r iz o n t a l  d ir e c t io n s ,  w h ic h  s e e m s  to b e  to o  f a r  fr o m  th e  r e a l  b e h a v io u r  
o f  b u r ie d  p ip e  in  th e  a s p e c t  o f  a  d e f le c t io n  c o n tr o l. V a l u e s  e v e n  h ig h e r  
t h a n  88G P a  ( w h ic h  s u p p o r t s  a  la r g e r  e a r t h  lo a d  o n  th e  to p  o f  th e  p ip e ,  
a n d  r e s u lt s  in  a  la r g e  b e n d in g  m o m e n t  in  th e  s t r u c t u r e )  a r e  m o r e  
d e s ir a b le  f o r  lo n g  t e r m  s t a b il it y .
A  v a lu e  o f  88G P a  w il l  th e r e fo r e  b e  u s e d  fo r  th e  a n a l y s is  o f  th e  
n o n -p r e s t r e s s e d  r i g i d  p ip e  in  C h a p t e r  5 . S o m e  a n a ly s e s  w i l l  b e  b a s e d  
o n  th e  v a lu e s  o f  4 4 G P a ,  66G P a  a n d /o r  g r e a t e r  t h a n  88G P a  fo r  
c o m p a r is o n  p u r p o s e s .
In  a d d it io n , F ig u r e  4 .1 9  f o c u s s e s  th e  d if f e r e n t  d e fo r m a tio n  c h a r a c t e r is t ic s  
b e t w e e n  p r e s t r e s s e d  a n d  n o n -p r e s t r e s s e d  p ip e . A s  is  s h o w n , d u e  to 
p r e -c o m p r e s s io n ,  th e  p r e s t r e s s e d  p ip e  is  in  a  s t a t e  o f  c o n t r a c t io n  b e fo re  
s t a r t in g  th e  t h r e e -e d g e  b e a r in g  te s t . T h e r e f o r e ,  th e  s t a r t in g  p o in t  o f  th e  
d e f o r m a t io n  d u e  to th e  t h r e e -e d g e  b e a r in g  lo a d s  is  d if f e r e n t  to t h a t  fo r  
th e  n o n -p r e s t r e s s e d  p ip e . T h e  c o m p r e s s io n  f o r c e  g e n e r a t e d  b y  th e  
p r e s t r e s s s in g  le d  to th e  r e d u c t io n  o f  th e  p ip e  d ia m e t e r  b y  a b o u t  1.5  
m m , a n d  th e  s e l f - w e i g h t  o f th e  p ip e  c a u s e d  a  f u r t h e r  c h a n g e  in  
d ia m e t e r  o f  a b o u t  ± 0 . 5  m m  in  h o r iz o n t a l a n d  v e r t ic a l  d ir e c t io n .  
C o n s id e r in g  th e  p r e -d is p la c e m e n t  o f  th e  p ip e  d u e  to p r e s t r e s s in g ,  it  w a s  
f o u n d  t h a t  th e  r e s u lt s  f o r  th e  v e r t ic a l  a n d  h o r iz o n t a l c u r v e s  d u r in g  th e  
T E B  t e s t  m a in t a in  a  s i m i la r  p a tt e r n  w it h  th e  e x p e r im e n t a l  d a t a  w it h in  a  
b o u n d a r y  o f  th e  w o r k in g  lo a d . F r o m  t h is  p o in t  o f  v ie w , th e  m o d e ll in g  
e f fe c t  o f  th e  p r e s t r e s s e d  p ip e  ( C a s e  I I )  s e e m s  to b e  r e a s o n a b le  f o r  t h is  
a s p e c t  o f  d e f le c t io n  c o n tro l.
4.4.3 Flexural bending mom ent in plane of curves
T h e  a im  o f  t h is  s e c t io n  is  to v e r if y  th e  v a l id it y  o f  th e  f in it e  e le m e n t  
p r o g r a m  C R I S P  t o g e t h e r  w it h  th e  p r o p e r t ie s  o f  p ip e  m a t e r ia ls  e m p lo y e d .  
In  F i g u r e  4 .2 0 , a n  id e a l is e d  c ir c u la r  r in g  c a r r ie s  c o n c e n t r a t e d  lo a d s  W  
( s im ila r  to W ool in  F i g u r e  4 .1 4 ( b ) )  a c t in g  o n  th e  to p  a n d  b o tto m  o f  th e  
p ip e  a lo n g  th e  lin e  o f  A C  ( R o a r k  a n d  Y o u n g ,  1 9 7 6 ) .  I t  i s  a s s u m e d  t h a t
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th e  b e a m  is  h o m o g e n e o u s  le a d in g  to th e  s a m e  e la s t ic  m o d u lu s  in  
t e n s io n  a n d  c o m p r e s s io n . M a a n d  M  a re  th e  in t e r n a l  b e n d in g  m o m e n t  
a t th e  to p  o f  th e  p ip e  a n d  a  g e n e r a l  v a lu e  a t  a n y  p o in t  b e t w e e n  <t> =  0 
a n d  (j> = k w it h  a n  a n g le  6 c lo c k w is e  to th e  p o in t  C ,  r e s p e c t iv e ly .  T a , 
T ,  V a , V  a re  in t e r n a l  f o r c e s . A  h a lf  s e g m e n t  o f th e  p ip e  is  a ls o  
c o n s id e r e d  in  th e  a n a ly s is .  T h e r e f o r e ,  a  g e n e r a l  e x p r e s s io n  a t  a  r a d ia l  
d is t a n c e  R m<9, f r o m  th e  to p  o f  p ip e  is  s e e n  to b e :
M  =  M a +  0 . 5 W  R m s in  <9 (4 .2 4 a )
w h e r e  R m is  th e  m e a n  r a d iu s  to th e  c e n t r o id  o f  th e  c r o s s  s e c t io n , a n d  
M a is  th e  m a x im u m  b e n d in g  m o m e n t  m o b il is e d  a t  p o in t  A .  B y  
s u b s t it u t in g  M a ( =  — 0 . 3 1 8 3 W R m) ,  th e  e x p r e s s io n  o f  E q n  4 :2 4 a  is  t h e n  
m o d if ie d  a s  f o llo w s :
M =  — 0 .3 1 8 3 W R m +  0 .5  W  R m s i n <9 (4 .2 4 b )
T h u s ,  th e  in t e r n a l  b e n d in g  m o m e n t  a t  s p r in g l in e  ( B )  b e c o m e s  
0 . 1 8 1 7 W R m, a n d  th e  m o m e n t  a t  b o tto m  ( C )  e q u a ls  M a . A  g r a p h ic a l  
r e p r e s e n t a t io n  o f  b e n d in g  m o m e n t  c o m p u t e d  b y  E q n  4 .2 4 b  is  r e f e r e n c e d  
in  F i g u r e  4 .2 1 ,  d e n o te d  a s  " a n a ly t ic a l  s o lu t io n " .
T h e  n u m e r ic a l  a n a ly s e s  w e r e  c o n d u c t e d  to o b t a in  b e n d in g  m o m e n t  
d is t r ib u t io n s  a lo n g  th e  p ip e  w a ll .  A p p r e n d ix  B 2  p r e s e n t s  t y p ic a l  
e x a m p le s  o f th e  a n a ly s e s  fo r  C a s e  I I  ( p r e s t r e s s e d  p ip e )  w it h  a  w a ll  
s t if f n e s s  o f  4 4  M P a  a n d  a  c o m p r e s s io n  f o r c e  o f 2 0 0 0  M P a  a p p lie d  to 
th e  o u t e r  s u r f a c e  o f  th e  w a ll ,  a n d  A p p e n d ix  B 3  f o r  C a s e  I I I  
( n o n -p r e s t r e s s e d  p ip e )  w it h  a  w a l l  s t if f n e s s  o f  4 4  M P a  o n ly .  F i g u r e  
4 .2 1 ( a )  i l lu s t r a t e s  th e  in c r e a s e  o f  b e n d in g  m o m e n t  a t  th e  p ip e  in v e r t  d u e  
to th e  in c r e m e n t a l  lo a d  o f  5 0 9 .6  k N / m  (s e e  F i g u r e  4 .1 5 )  a s  a  f u n c t io n  o f  
t h e  e la s t ic  m o d u lu s  o f  th e  p ip e  w a ll .  F r o m  t h is  s in g le  g r a p h , it  c a n  b e  
n o te d  t h a t  th e  w a ll  s t if f n e s s  g e n e r a l ly  in f lu e n c e s  th e  m a g n it u d e  o f  
b e n d in g  m o m e n t . W it h  in c r e a s in g  w a ll  s t if f n e s s  th e  b e n d in g  m o m e n t  
in c r e a s e s  u n t il  it  r e a c h e s  a n  u lt im a t e  v a lu e  (r e fe r  to T a b l e  4 .6  fo r  
v a r io u s  w a l l  s t if f n e s s ) .  T h e  d if f e r e n c e  u s in g  th e  c o n v e n t io n a l w a ll
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s t if f n e s s  o f  4 4  M P a  c o m p a r e d  to th e  a n a ly t ic a l  s o lu t io n  is  a b o u t  - 3 3 %  
a t  th e  p ip e  to p  (o r  b o tto m ) w h e r e  th e  lo a d  is  a p p lie d  a n d  t o le r a te s  w it h  
th e  r a n g e  o f  + 1 2 %  a n d  - 3 9 %  ( - 1 6 %  in  a v e r a g e )  t h r o u g h o u t  th e  
p e r ip h e r y  o f  th e  w a ll .  F i g u r e  4 .2 2  p r o v id e s  a  c o m p a r is o n  o f  th e  b e n d in g  
m o m e n t  d is t r ib u t io n s  f o r  C a s e  I I  a n d  a n  a n a ly t ic a l  s o lu t io n , c o n f ir m in g  
t h a t  th e  d is t r ib u t io n s  f o r  th e  in c r e a s e d  s t if f n e s s  t a k e  p la c e  b e t w e e n  tw o  
c u r v e s .  T h e  r a t io  o f  th e  b e n d in g  m o m e n t  o b t a in e d  f r o m  th e  n u m e r ic a l  
a n a l y s is  to th e  b e n d in g  m o m e n t  c o m p u t e d  f r o m  th e  a n a ly t ic a l  s o lu t io n ,  
w h ic h  is  t e r m e d  b e n d in g  m o m e n t  r a t io  ( B M R ) ,  a lo n g  th e  p ip e  w a l l  is  
a ls o  p r o v id e d  in  F i g u r e  4 .2 1 ( b ) ,  i l lu s t r a t in g  a  v a r ia t io n  o f  B M R .
H o w e v e r ,  in  th e  c a s e  o f n o n -p r e s t r e s s e d  p ip e , n o  m a jo r  d if f e r e n c e  h a s  
b e e n  o b s e r v e d  b e t w e e n  th e  t w o  c u r v e s ,  r e g a r d le s s  o f  th e  m a g n it u d e  o f  
th e  w a l l  s t if f n e s s .  A s  s h o w n  in  F i g u r e  4 .2 1 ( b ) ,  th e  c u r v e  fo r  B M R  o f  
th e  n o n -p r e s t r e s s e d  p ip e  is  n o t  d is t in g u is h a b le  w it h  th e  a n a ly t ic a l  
s o lu t io n  ( it  i s  o b s e r v e d  t h a t  a n  a v e r a g e  o f  B M R  t h r o u g h o u t  th e  w a l l  is  
1 .0 0 ) .  F r o m  t h is  r e s u lt ,  i t  c a n  b e  a s s u m e d  t h a t  th e  n u m b e r  o f  e le m e n t  
u s e d  is  a p p r o p r ia te  f o r  th e  n o n -p r e s t r e s s e d  p ip e . T h e  f u r t h e r  a n a ly s e s  
h a v e  b e e n  c o n d u c t e d  u s in g  1 6  e le m e n t s  ( w h ic h  is  a  h a lf  o f  th e  n u m b e r  
in  C a s e  I I I  a b o v e )  to  in v e s t ig a t e  th e  e f fe c t  o f  n u m b e r  o f  e le m e n t . T h e  
r e s u lt in g  b e n d in g  m o m e n t  d is t r ib u t io n  w a s  v e r y  s im ila r  to t h a t  f o r  th e  
p r e s t r e s s e d  p ip e  s h o w n  in  F i g u r e  4 .2 1 ( a ) ,  in d ic a t in g  th e  p it f a l l  d u e  to  
too fe w  e le m e n ts.
F r o m  th e  a b o v e  r e s u lt s ,  th e  q u e s t io n  a r is e s :  W h a t  is  th e  m a jo r  f a c t o r  to  
in f lu e n c e  th e  c h a n g e  in  b e n d in g  m o m e n t  in  th e  p r e s t r e s s e d  p ip e  w a ll,  
f o r  a  g iv e n  c o n d it io n ?  In  fa c t , it  is  d if f ic u lt  to b e  p r e c is e , b u t  th e  
f o llo w in g  f a c t s  m a y  b e  c o n s id e r e d .
( i)  T h e r e  is  n o  a r g u m e n t  t h a t  th e  n u m b e r  o f  e le m e n t s  is  o n e  
o f th e  m a jo r  f a c t o r s . In  o r d e r  to a v o id  th e  p it f a ll  o f  
u s i n g  b o t h  to o  f e w  e le m e n t s  a n d  too m a n y  e le m e n t s , it  
s h o u ld  b e  o p t im is e d  b e fo re  im p le m e n t in g  th e  m a in  
a n a ly s is .
( ii)  U n l ik e  th e  n o n -p r e s t r e s s e d  p ip e , a lt h o u g h  th e  s a m e
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n u m b e r  o f e le m e n t s  w e r e  u s e d  f o r  th e  w a ll ,  ( e x c e p t  th e  
b e a m  e le m e n t ) , th e  b e n d in g  m o m e n t  d ia g r a m  e x h ib it s  a  
g r a d u a l  in c r e a s e  w it h  in c r e a s in g  th e  s t if f n e s s  o f  th e  
s t r u c t u r e .
( ii i)  F r o m  ( i)  a n d  ( ii)  a b o v e , it  c a n  b e  s e e n  th a t, f ir s t ly ,  th e
m e s h  r e q u ir e s  m o r e  e le m e n t s  in  r e g io n s  w h e r e  th e  la r g e s t
s t r e s s  g r a d ie n t s  o c c u r . S e c o n d ly ,  th e  s it u a t io n  c a n  a ls o  b e  
e x p la in e d  b y  u s in g  th e  g e n e r a l  f o r m  o f e le m e n t a r y  t h e o r y
M =  E I y / R ,  w h e r e  th e  b e n d in g  m o m e n t  i s  in  p r o p o r t io n  
to th e  w a l l  s t if f n e s s  a n d  in  r e c ip r o c a l  p r o p o r t io n  to th e  
r a d iu s  o f  c u r v a t u r e .
( iv )  A c c o r d i n g ly ,  i t  is  s u g g e s t e d  t h a t  th e  e f fe c t  o f
p r e -c o m p r e s s io n  is  o n e  o f  th e  ‘m o s t  im p o r t a n t  in f lu e n c e  
f a c t o r s .  A s  w a s  e x p la in e d , w h e n  th e  p r e s t r e s s in g  w ir e  is
w r a p p e d  o n  th e  o u t e r  s u r f a c e  o f  th e  c o n c r e t e  c o re , th e
p ip e  d ia m e t e r  is  r e d u c e d  b y  a b o u t  1 . 5  m m . T h e
c o m p r e s s io n  m a y  c a u s e  th e  b e h a v io u r  o f p ip e  w a l l  to b e
c h a n g e d , c o m p a r e d  to th e  n o n -p r e s t r e s s e d  p ip e .
F o r  th e  c a s e  o f  t w o  e d g e  lo a d s  a p p lie d  to th e  n o n -p r e s t r e s s e d  p ip e  w it h  
a d e q u a te  n u m b e r  o f e le m e n t s  a n d  th e  c o n s t a n t  lo a d , th e  b e n d in g  
m o m e n t  d is t r ib u t io n  t h r o u g h o u t  th e  w a l l  s h o u ld  b e  - in v a r ia b le ,  
ir r e s p e c t iv e  o f  th e  e x t e n t  o f  th e  s t if f n e s s  o f  th e  p ip e  w a ll .  T h i s  c a n  b e  
e x p la in e d  b y  a p p ly in g  th e  g e n e r a l  fo r m  o f  e le m e n t a r y  t h e o r y  
M  =  E I y / R ,  w h e r e in  th e  in c r e a s e  o f  w a l l  s t if f n e s s  c a u s e s  th e  in c r e a s e  
o f a  r a d iu s  o f  c u r v a t u r e  in t e r n a l ly  d u r in g  o p e ratio n . . In  o th e r  
w o r d s , th e  lo w e r  s t if f n e s s  p r o d u c e s  a  s m a lle r  c u r v a t u r e  w h e n  e x t e r n a l  
lo a d  a p p lie s .  H o w e v e r ,  i t  i s  a  d if f e r e n t  s t o r y  fo r  th e  c a s e  w h e r e  th e  
e x t e r n a l  lo a d s  d e p e n d  011 th e  d e f o r m a t io n  o f  th e  p ip e . F o r  in s t a n c e ,  
w h e n  th e  p ip e  is  b u r ie d  in  th e  s o il,  th e  b e n d in g  m o m e n t  w il l  b e  
v a r ia b le  w it h  e it h e r  d e c r e a s e  o r  in c r e a s e  o f la t e r a l  e a r t h  p r e s s u r e  
o c cu rre d . I n  a n o t h e r  e x a m p le , w it h  r e s p e c t  to th e  w a ll  s t if f n e s s  f o r  a
b u r ie d  s t r u c t u r e ,  th e  s t r u c t u r e  w it h  a  h ig h e r  s t if f n e s s  w il l  n o t  d e fo r m
a s  m u c h  a s  a  r e la t iv e ly  f le x ib le  s t r u c t u r e .  T h i s  r e s u lt s  in  a  la r g e r
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bending moment due to the absence of the lateral supporting pressure.
In  c o n c lu s io n ,  it  i s  n o t  e a s y  to e x p la in  th e  r e a s o n s  w h y  a  c h a n g e  in  
b e n d in g  m o m e n t  o c c u r s  in  th e  p r e s t r e s s e d  p ip e  d u r in g  a  t w o  e d g e  lo a d  
te s t , in  c o n t r a s t  to th e  n o n -p r e s t r e s s e d ..  F o r  th e  t im e  b e in g , it  is
s u g g e s t e d  t h a t  th e  b e n d in g  m o m e n t  s a f e t y  f a c t o r  ( B M S F )  is  a p p lie d  to
th e  d e s ig n  o f  b o th  p r e s t r e s s e d  a n d  n o n -r e s t r e s s e d  p ip e . S in c e  th e  
d e s ig n  is  u s u a l l y  g o v e r n e d  b y  th e  b e n d in g  m o m e n t  e it h e r  a t  th e  to p  o r
a t  th e  b o t t o m  o f th e  p ip e , B M S F s  f o r  b o th  p ip e s  w il l  th e r e fo r e  b e  a t
le a s t  1 . 3  f o r  th e  p r e s t r e s s e d  p ip e  a n d  1 .0 5  f o r  th e  n o n -p r e s t r e s s e d  p ip e .
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Table 4.1 Soil group and classification of constructed soils 
(ACPA; 1993 and ASTM D2487-92; 1992)
Soil group Goup symbols Typical names
1 SW Well-graded sands, gravelly sands, little or no fines
SP Poorly graded sands or gravelly sands, little or no fines
GW Well-graded gravels, gravel-sand mixtures, little or 
uo funes
GP Poorly graded gravels or gravel-and mixtures, little or 
no fines
2 ML Inorganic silts and very fine sands, rock flour, silty 
or clayey fine sands or clayey silts with 
slight plasticity
SM Silty sands, sand-silt mixtures
GM Silty gravels, gravel-and-silt mixture
GC Clayey gravels, grave-sand-clay mixtures
SC Clayey sands, sand-clay mixures
3 CL Inorganic clays of low to medium plasticity, gravelly 
clays, sandy clays, silty clays, lean clays
MH Inorganic silts, miscaceous or diatomaceous fine sandy or 
silty soils, elastic silts
GC Clayey gravels, gravel-sand-clay mixtures
SC Clayey sands, sand-clay mixtures
4 CH Inorganic clays of high plasticity, fat clays
-  126 -
T a b le  4 .2  S e l ig ' s  t r ia x ia l  t e s t  p a ra m e te rs  ( S e lig , 19 8 8 )
Soil type %
(T-99)
K n Rf C
(kN/m2)
0o  
( •)
Acf*
( “>
7m
(kN/m3)
SW 95 950 0.60 0.70 0 48 8 22.15
90 640 0.43 0.75 0 42 4 21.05
85 450 0.35 0.80 0 38 2 19.79
80 320 0.35 0.83 0 36 1 18.69
61 54 0.85 0.90 0 29 0 14.30
ML 95 440 0.40 0.95 4 34 0 19.95
90 200 0.26 0.89 3.5 32 0 18.85
85 n o 0.25 0.85 3 30 0 17.91
80 75 0.25 0.80 2.5 28 0 16.81
49 16 0.95 0.55 0 23 0 10.37
CL 95 120 0.45 1.00 9 15 4 18.69
90 75 0.54 0.94 7 17 7 17.60
85 50 0.60 0.90 6 18 8 16.65
80 35 0.66 0.87 5 19 8.5 15.71
45 16 0.95 0.75 0 23 11 8.80
1 psi = 6.9 kPa
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Table 4.3 Composition and fresh concrete properties for MBL-4
and M S-3 mixes (DAC, 1996a and 1996b)
MBL-4 for Brega plan M S-3 for Sarir plant
Water, kg/m3 155 131
Cement, kg/m3 420 (Libyan) 411 (Heracles)
Sand, kg/m3 742 (Brega) 670 (Sarir)
Coarse aggregates, kg/m3 
(dmax = 19 mm)
1067 (Brega, 
crushed aggregate)
1191 (Sarir, 
natural aggregate)
Water/Cement 0.37 0.32
Unit weight of concrete, kg/m3 2365 2404
Slump, mm 70 20
Corrected air content, % 1.7 2.0
Temperature, ” C 18 18
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Table 4.4 Ultimate strength and elastic modulus of concrete for MBL-4
and M S-3 mixes (DAC, 1996a and 1996b)
Sample No. M BL-4 for Brega plant M S-3  for Sarir plant
Compressive strength (MPa)
1 53.8 46.0
2 45.9 46.3
3 46.3 45.6
4 46.3 48.3
5 46.9 45.9
Mean 47.8 46.4
Std dev 3.4 1.1
Elastic modulus (GPa) 
1 37 44
2 36 44
3 36 44
4 37 45
5 37 43
Mean 37 44
Std dev 0.5 0.7
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Table 4.5 Three-edge bearing test results for two 4000 mm diameter 
prestressed concrete cylinder pipes
Deflection
Load 3-12718-B 3-14268
vertical horizontal vertical horizontal
(kN) (mm) (mm) (mm) (mm)
0 0 0 0 0
39.2 -0.18 0.23 -0.14 0.18
78.4 -0.59 0.59 -0.69 0.36
117.6 -1.21 1.04 -1.44 1.04
156.8 -1.86 1.62 -2.19 1.7
196.0 -2.76 2.35 -3.27 2.46
235.2 -3.69 3.05 -4.52 3.31
274.4 -4.93 4.07 -5.92 4.38
313.6 -6.16 5.13 -7.55 6.31
352.8 -7.68 6.33 -9.24 8.27
392.0 -9.97 8.12 -11.68 10.42
431.2 -13.08 10.61 -14.55 12.66
470.4 -17.27 13.97 -18.41 15.92
509.6 -22.83 17.76 -24.15 19.04
(Refer to Figure 4.12)
Prestressing wire area used : A sl = 15.45 cm2/m
A sl = 15.45 cm2/m  
f  c' at 28 day : 46.7 MPa for 3-12718-B
44.2 Mpa for 3-14269
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T a b le  4 .6  T h r e e -e d g e  b e a r in g  t e s t  r e s u lt s  fo r  v a r io u s  s iz e  
p r e s t r e s s e d  c o n c re te  c y lin d e r  p ip e s
o f
Load 4.0m dia.
(As = 36.98cm2/m)
2.0in dia.
(As = 17.78cm2/m)
1.6m dia
(As = 14.82cm2/m)
vertical horizontal vertical horizontal vertical horizontal
(kN) (mm) (mm) (mm) (mm) (mm) (mm)
0 0 0 0 0 0 0
39.2 0 0.07 -0.29 0.34 -0.09 0.11
78.4 -0.53 0.61 -0.82 0.83 -0.58 0.55
117.6 -0.9 0.92 -1.48 1.43 -1.34 1.16
156.8 -1.27 1.42 -2.57 2.26 -2.39 2.13
196.0 -1.96 1.85 -4.07 3.46 -3.9 3.57
235.2 -2.45 2.39 -5.99 5.12 -6.13 5.6
274.4 -3.2 3.05 -9.56 8.28 -13.02 10.83
313.6 -4.16 3.83 -13.13 11.44
352.8 -5.22 4.92
392.0 -6.5 6.02
431.2 -7.8 7.14
470.4 -9.44 8.63
509.6 -11.43 9.88
548.8 -14.05 11.68
588.0 -17.39 14.5
627.2 -22.52 19.14
666.4 -31.82 24.54
(Refer to Figure 4.13)
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Table 4.7 Bending moment in pipe wall due to two edge loads
Angle 
from top 
of pipe
Analytical
Solution
Ec(MPa)=
Finite element method (Moment in kN-m)
TEB221 
= 44
TEB222
88
TEB223
132
TEB224
300
TEB225
600
TEB226
1200
0.00 -347.12 -251.86 -274.36 -285.09 -296.27 -301.30 -304.41
11.25 -240.74 -186.32 -204.03 -211.56 -220.40 -223.95 -226.32
22.50 -138.45 -100.42 -110.12 -114.36 -119.16 -120.82 -122.21
33.75 -44.18 -27.12 -30.04 -31.02 -32.65 -33.21 -33.61
45.00 38.45 43.03 46.70 47.94 49.59 50.17 50.91
56.25 106.26 99.15 107.61 110.92 115.59 116.91 118.21
67.50 156.65 143.54 156.23 161.27 167.77 169.98 171.64
78.75 187.67 166.82 181.21 186.86 194.25 197.26 198.92
90.00 198.15 176.76 191.81 197.34 205.74 208.80 210.51
101.25 187.67 166.85 181.20 186.55 194.25 197.28 198.77
112.50 156.65 143.61 156.25 160.96 167.73 170.01 171.62
123.75 106.26 99.46 107.67 110.94 115.58 117.04 118.25
135.00 38.45 43.15 46.76 47.64 49.69 50.22 50.75
146.25 -44.18 -27.08 -30.07 -31.24 -32.91 -33.29 -33.98
157.50 -138.45 -100.62 -110.56 -114.47 -119.45 -120.99 -122.52
168.75 -240.74 -186.89 -204.14 -211.40 -220.88 -224.13 -226.46
180.00 -347.12 -252.56 -275.21 -284.45 -297.07 -301.68 -303.95
191.25 -240.74 -186.89 -204.14 -211.40 -220.88 -224.13 -226.46
202.50 -138.45 -100.62 -110.56 -114.47 -119.45 -120.99 -122.52
213.75 -44.18 -27.08 -30.07 -31.24 -32.91 -33.29 -33.98
225.00 38.45 43.15 46.76 47.64 49.69 50.22 50.75
236.25 106.26 99.46 107.67 110.94 115.58 117.04 118.25
247.50 156.65 143.61 156.25 160.96 167.73 170.01 171.62
258.75 187.67 166.85 181.20 186.55 194.25 197.28 198.77
270.00 198.15 176.76 191.81 197.34 205.74 208.80 210.51
281.25 187.67 166.82 181.21 186.86 194.25 197.26 198.92
292.50 156.65 143.54 156.23 161.27 167.77 169.98 171.64
303.75 106.26 99.15 107.61 110.92 115.59 116.91 118.21
315.00 38.45 43.03 46.70 47.94 49.59 50.17 50.91
326.25 -44.18 -27.12 -30.04 -31.02 -32.65 -33.21 -33.61
337.50 -138.45 -100.42 -110.12 -114.36 -119.16 -120.82 -122.21
348.75 -240.74 -186.32 -204.03 -211.56 -220.40 -223.95 -226.32
360.00 -347.12 -251.86 -274.36 -285.09 -296.27 -301.30 -304.41
(Refer to Figure 4.21)
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Figure 4.1 Comparison of actual stress-strain curve 
and hyperbola (Selig, 1988)
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Figure 4.2 Initial tangent modulus as a function of 
confining pressure (after Duncan, 1980)
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Figure 4.3 Secant modulus at 50% of the failure stress 
for a constant confining pressure 
(after Selig, 1989)
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Figure 4.4 Young's modulus of backfill (SW) as a function of 
standard Proctor density and confining pressure 
at minor principal stress/major principal stress = 
0.5 based on Selig's soil parameters
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Figure 4.5 Young's modulus of backfill (ML) as a function of 
standard Proctor density and confining pressure 
at minor principal stress/major principal stress = 
0.5 based on Selig's soil parameters
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Figure 4.6 Young's modulus of backfill (CL) as a function of 
standard Proctor density and confining pressure 
at minor principal stress/major principal stress = 
0.5 based on Selig's soil parameters
Log (cWPa)
Figure 4.7 Determination of soil parameters for 
internal friction angle ( Selig;1988 and 
Duncan et al.;1980)
Relative density (ASTMD-698)
O peak state 
A residual state
Figure 4.8 Typical correlation between friction angle and
relative density of sanely material
Results of consolidated-drained direct shear tests on compacted samples 
SMto SC-SM(Location of sample : Eastern Sahara desert area in Libya)
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(b) Embedded Cylinder Pipe (ECP)
Figure 4.9 Prestressed concrete cylinder pipe (after PB, 1994)
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Figure 4.10(a) Typical stress-strain diagram for concrete mix 
design No. MS-3, Specimen No. 5, Ec = 34.7 GPa 
(DAC, 1992)
(a) The vibration of the concrete specim ens (150  by 300 mm) on a vibrating table
(b) Placem ent of the demoulded specim ens in the testing m achine  
Figure 4.10(b) View of the preparation of the test specimens for elastic modulus
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Note: 1. The numbers 1 to 4 indicate the test series 
described in Section 4.3.1.
2. The data are based on the mean strength not the 
characteris strength used for the international 
standard.
Figure 4.11 Elastic modulus of concrete as a function 
of concrete strength (DAC, 1992,1996a 
andl996b)
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Figure 4.12 Load-deflection curves for 4000mm diameter 
prestressed concrete cylinder pipe during 
three-edge bearing test
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Figure 4.13 Load-deflection curves as a function of pipe size and steel area 
(Wire size : 4.88mm, Core thickness / Pipe dia. = 1/16)
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W o o i
(a) P ip e  su p p o rte d  at bottom  
an d  lo a d e d  b y  s e lf -w e ig h t
(b) P ip e  sup p o rted  at top a n d  bottom  
lo a d e d  b y  3 -e d g e  b e a rin g  lo ad
Figure 4.14 Diagrams of large horizontal pipe loaded by 
pipe self-weight and 3-edge bearing test load
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L(teb) =  1/2 W  ool
▼
S h / 2
R  =  L *
Figure 4.15 Load-deflection scheme for two point loads 
at top and bottom of half section of PCCP
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(a) Pipe wall cross section and simplified multi-layer model
© ---------------------- 0 ---------------------
O  LSQ c
p---------------------© -------------------- ©
3 LSQ c>
II 3 Node Beam f t  I( ^ 3  Node Beam } jCp O  ■ C
O  LSQ C 
© ---------------------- © ---------------------£
J O  C) 
Linear
) Strain C) 
Quadrilateral
)--------------------- © -------------------- ©
(b) Element-nodal links
Figure 4.16 Basic modelling of multi-layered wall 
for prestressed concrete pipe (Case I)
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Figure 4.17 Schedmatic of strain and stress distributions for simplified 
flexural beam of PCCP (modified from Zarghamee et al., 1990)
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Figure 4.18 Load-deflection curves for various stiffness of prestressed and 
non-prestressed rigid pipe with 4.0m diameter (obtained from 
FEM and experimental data)
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Figure 4.19 Comparison of load-deflection curves for prestressed (Case II) and 
non-prestressed (Case III) pipes, due to pipe self-weight, prestressing 
and TEB loads (ID = 4.0 m, Ec = 44 GPa, Compression for 
prestressed pipe -  2000 kPa)
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Figure 4.20 Free-body diagram for determination of bending 
moment M (Roark and Young, 1976)
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(b) Bending moment ratio relative to analytical solution
Figure 4.21 Change in bending moment distribution for prestressed 
and non-prestressed pipe due to two edge loads at pipe 
top and bottom, ID = 4.0 m, tw = 280 mm, Compression 
= 2000 kPa, Load = 509.6 kN/m
- 154 -
Figure 4.22 Comparison of bending moment distributions 
between analytical solution and FEM Case II 
due to two edge loads at pipe top and bottom 
ID = 4.0m, tw -  280mm, Load = 509.6kN/m
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CHAPTER 5 -  FINITE ELEMENT ANALYSIS OF 
INSTALLATION EFFECTS
5.1 Introduction
F i n i t e  e le m e n t  t e c h n iq u e s  a r e  b e in g  in c r e a s in g ly  u s e d  fo r  th e  a n a l y s is  o f  
s o i l - s t r u c t u r e  in t e r a c t io n  p r o b le m s , s in c e  i t  i s  p o s s ib le  to  p e r f o r m  a n  
in t e g r a t e d  a n a l y s is  o f  th e  c o m p o s it e  s t r u c t u r e . G o o d m a n  e t  a l.( 1 9 6 8 )
c la im e d  t h a t  a ll  m a t e r ia ls  u s e d  in  th e  f in it e  e le m e n t  a n a l y s is  c a n  b e  
t r e a te d  a s  a  f u l ly  in t e g r a t e d  p a r t  o f  th e  to ta l s t r u c t u r e  in  a  g iv e n
d o m a in , a n d  th e  in t e r a c t io n  b e t w e e n  d iff e r e n t  m a t e r ia ls  c a n  b e
d e te r m in e d . H o w e v e r ,  n o t  o n ly  a r e  s t u d ie s  o f b u r ie d  p ip e  p r o b le m s  v e r y  
r a r e , t h e y  a re  m a in ly  r e la t e d  to e it h e r  f le x ib le  p ip e  ( S p a n g le r ;  1 9 4 1 ,  
H o w a r d ;1 9 7 7 ,  G u m b le ;1 9 8 3 ,  W a t k in s ; 1 9 9 5 ,  K a w a b a t a  e t  a l . ; i9 9 5 )  o r  s m a ll  
d ia m e t e r  r e in f o r c e d  c o n c r e t e  p ip e  ( S p a n g le r ;  1 9 3 3 ,  P e tt ib o n e  e t  a l.,T 9 6 7 ,  
D a v i s  e t  a l. ,T 9 7 4 a  a n d  1 9 7 4 b ,  K r i z e k  e t a l . ;1 9 7 8 ,  O a k ; l9 8 8 ) .  I n  o th e r
w o r d s , n o  a tt e m p t  h a s  b e e n  m a d e  to  c la r if y  th e  in t e r a c t io n  b e t w e e n  s o il  
a n d  la r g e  d ia m e t e r  r i g i d  p ip e  b e c a u s e  o f th e  c o m p le x it ie s  o f  th e  
in t e r r e la t io n  b e t w e e n  th e  tw o  m e d ia .
A s  w it h  m o s t  u n d e r g r o u n d  s t r u c t u r e s  o r  fo u n d a t io n s , th e  e s t im a t io n  o f  
b e n d in g  s t r e s s e s  (o r  m o m e n t s )  i s  - a  p r e r e q u is it e  fo r  th e  d e s ig n  o f  a  
b u r ie d  p ip e . U n l ik e  th e  a n a ly t ic a l  d e s ig n  m e th o d s  b a s e d  o n  e x c e s s iv e  
s im p lif ic a t io n  o f th e  lo a d in g  s y s t e m ,  a n  a d v a n c e d  n u m e r ic a l  t e c h n iq u e  
m a k e s  it  p o s s ib le  to d e d u c e  th e  a c t u a l  s t r e s s - s t r a i n  r e s p o n s e .
N e v e r t h e le s s ,  th e  d a t a  o b t a in e d  f r o m  th e  n u m e r ic a l  a n a ly s is  s e e m  n o t  to  
h a v e  b e e n  u s e d  f o r  th e  d e s ig n  a n d  c o n s t r u c t io n  o f  b u r ie d  p ip e lin e s ,
w h ic h  is  p r o b a b ly  d u e  to  a  la c k  o f  e x p e r ie n c e  in  t h is  f ie ld .
I n  a n  a tt e m p t  to  c la r if y  th e  s it u a t io n ,  e x t e n s iv e  c o m p u t e r  s im u la t io n s
h a v e  b e e n  p e r f o r m e d  b y  th e  w r it e r  to m o d e l th e  b e h a v io u r  o f  b u r ie d
p ip e , b a s e d  o n  s it e  t r ia ls  a n d  e x p e r im e n t s . A  t h r e e fo ld  a p p r o a c h  is  
a d o p te d  h e r e in  to e m p h a s is e  th e  p h y s ic a l  n e c e s s it ie s  o f  th e  f in ite
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e le m e n t  a n a l y s is  o f  s o i l  a n d  la r g e  d ia m e t e r  r ig id  p ip e  in t e r a c t io n  
p r o b le m s ; T h e  f ir s t  e f fo r t  b e g in s  w it h  a  b r ie f  s u m m a r y  o f  s o m e  
n u m e r ic a l  m o d e ll in g  is s u e s  f o r  th e  c o n s t it u t iv e  m o d e ls  a n d  f in it e  e le m e n t  
d is c r e t is a t io n  d e s c r ib e d  i n  p r e v io u s  c h a p t e r s . S e c o n d ly ,  th e  in f lu e n c e  o f  
th e  r e la t iv e  s t if f n e s s  o f p ip e  a n d  s u r r o u n d in g  s o i ls  is  in v e s t ig a t e d ,  
w h e r e  th e  in f lu e n c e  o f d if f e r e n t  b e d d in g  c o n d it io n s  a re  a ls o  d is c u s s e d  in  
d e ta il.  In s t a l la t io n  a n d  c o n s t r u c t io n  e f fe c t s  s u c h  a s  a r c h in g , in t e r n a l  
w a t e r  p r e s s u r e  a n d  p r e s t r e s s in g  a r e  e x a m in e d  a n d  d is c u s s e d  a t  th e  e n d  
o f t h is  c h a p te r .
I t  s h o u ld  a ls o  b e  n o t e d  t h a t  th e  m a in  o b je c t iv e  o f  t h is  c h a p t e r  is  to  
im p r o v e  th e  q u a l it y  o f  th e  p e r f o r m a n c e  o f  n u m e r ic a l  a n a ly s is ,  o b t a in in g  
m o r e  a c c u r a t e  s t r e s s  d is t r ib u t io n s  in c lu d in g  th e  r a d ia l  e a r t h  p r e s s u r e  
g e n e r a t e d  a r o u n d  th e  p ip e , a n d  th e  f le x u r a l  s t r e s s e s  a n d  b e n d in g  
m o m e n t  in  th e  p ip e  w a ll .  F i n a l ly ,  th e  v a l id it y  o f  th e  c u r r e n t  d e s ig n  
c o n c e p t  b e in g  u s e d  in  in d u s t r y  w i l l  b e  e x a m in e d  a n d  s e v e r a l  p o in t s  fo r  
th e  im p r o v e m e n t  o f  th e  d e s ig n  w i l l  b e  r a is e d .
5.2 C onstitutive M odels and Finite Elem ent D iscretisation
5.2.1 C onstitutive models
T h e  s t r e s s  s y s t e m  is  a p p r o x im a t e d  in  tw o  d im e n s io n s  ( p la n e  s t r a in )  a s  
a r e  m a n y  g e o t e c h n ic a l  p r o b le m s , a n d  th e  c o n s t it u t iv e  m o d e ls  u s e d  f o r  
th e  th r e e  d if f e r e n t  m a t e r ia ls  in  th e  f in it e  e le m e n t  a n a ly s e s  a r e  b r ie f ly  
s u m m a r is e d  in  th e  f o llo w in g .
R i g i d  p ip e  is  p r e s u m e d  to b e  c o m p o s e d  o f  h o m o g e n e o u s  is o t r o p ic  l in e a r  
e la s t ic  m a t e r ia l ,  w it h  th e  a s s u m p t io n  t h a t  th e  s t if f n e s s  is  th e  s a m e  in  
a ll  d ir e c t io n s , c o n s is t in g  o f  Y o u n g ' s  m o d u lu s  E c , a n d  P o i s s o n ' s  r a t io  v. 
T h i s  m o d e l is  a p p lic a b le  to s o i l - p i p e  in t e r a c t io n  p r o b le m s  w h e r e  th e  
d e fo r m a t io n  is  l im it e d .
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T h e  s o lu t io n  p r e s e n t e d  h e r e  a s s u m e s  t h a t  th e  f i l l  b e h a v e s  a s  a  l in e a r  
e la s t i c -p e r f e c t ly  p la s t ic  m a t e r ia l ,  w h ic h  is  f r e q u e n t ly  a p p lie d  to  th e  
a n a l y s is  o f  c i v i l  e n g in e e r in g  m a t e r ia ls  a n d  th e  p r o b le m  r e la t e d  to th e  
s o i l - p i p e  in t e r a c t io n  (e .g . O e t t l  e t  a l. ;1 9 9 8 ,  G e r b a u lt ;1 9 9 5 ,  e tc .) , w h e r e  it  
i s  a s s u m e d  t h a t  th e  l in e a r  e la s t ic  n a t u r e  is  a p p lic a b le  u p  to th e  y ie ld  
s t r e s s  p o in t , a fte r  w h ic h  b o th  e la s t ic  a n d  p la s t ic  s t r a in s  o c c u r .  T h e  
c l a s s i c a l  M o h r - C o u l o m b  c r it e r io n  is  u s e d  in  c o n ju n c t io n  w it h  a n  
a s s o c ia t e d  f lo w  r u le  ( i . e .  W= eft).
T h e  i n - s i t u  s o il  is  c o n s id e r e d  a s  a  l in e a r  e la s t ic  m e d iu m  d u e  to  th e  
u n c e r t a in t ie s  r e la t e d  to  th e  e s t im a t io n  o f  th e  i n - s i t u  s t r e s s e s  a n d  th e  
s o il  s t if f n e s s ,  t o g e t h e r  w it h  in a b i l i t y  to t a k e  in to  a c c o u n t  t im e -d e p e n d e n t  
d e f o r m a t io n s  o f  th e  g r o u n d  ( K y r o u ; l9 8 0 ,  M c V a y ; 1 9 8 2 ,  C h a r d ;1 9 8 2 ) .  T h i s  
a s s u m p t io n  is  g e n e r a l ly  a c c e p t e d  in  th e  f ie ld  o f  s o i l - s t r u c t u r e  in t e r a c t io n  
p r o b le m s  w h e r e  s m a l l  s t r a in s  a re  e x p e c te d , a n d  it  s e e m s  to b e  
a p p r o p r ia te  in  n a t u r a l  g r o u n d  w it h  a  la r g e  c e m e n t in g  a g e n t  s u c h  a s  
s i l ic a t e  a n d  ir o n  o x id e  , u n l ik e  in  s o f t  g r o u n d  w h e r e  th e  d is p la c e m e n t  
o c c u r s  d u e  to p la s t ic  s t r a in in g  a n d  f lo w .
5.2.2 F inite elem ent discretisation and input parameters
N u m e r ic a l  a n a ly s e s  p e r fo r m e d  h e r e in  a r e  b a s e d  o n  th e  e m b a n k m e n t  
c o n d it io n  ( p a s s iv e  m o d e )  a n d  a re  a s s o c ia t e d  w it h  th e  c u t - a n d - c o v e r  
m e th o d . T h e  o u t p u t  d a t a  a re  l im it e d  b o th  in  t e r m s  o f in t e r n a l  s t r e s s e s  
in  c o n c r e t e  w a l l  a n d  a d ja c e n t  s o i ls .  F i g u r e  5 . 1  i l lu s t r a t e s  a  f in it e  e le m e n t  
d is c r e t is a t io n ,  in c lu d in g  th e  o v e r a l l  d im e n s io n s  a n d  c o m m o n ly  u s e d  
n o t a t io n s . A  h a lf  c r o s s - s e c t i o n  i s  c o n s id e r e d  fo r  th e  m o d e l, a s s u m in g  
s y m m e t r y  a b o u t  th e  v e r t ic a l  c e n t r e lin e  o f  th e  b u r ie d  p ip e .
I n  t h is  c h a p te r , o n ly  p r e s t r e s s e d  a n d  n o n -p r e s t r e s s e d  r ig id  p ip e s  w it h  a n  
in s id e  d ia m e t e r  (ID) o f 4 0 0 0  m m  a n d  w a l l  t h ic k n e s s  o f  2 8 0  m m  a re  
c o n s id e r e d ; th e  h e ig h t  o f  e a r t h  c o v e r  a b o v e  th e  to p  o f  th e  p ip e  ( E C )  
a n d  th e  h a lf  w id t h  o f  t r e n c h  e x c a v a t e d  a re  a s s u m e d  to b e  v a r ia b le .  T h e  
a s p e c t  r a t io  o f  m e s h  w id t h  ( L )  to o u t s id e  d ia m e t e r  o f  P C C P  (OD) is
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f ix e d  a t  a r o u n d  2 .5 . T h e  d e p th  b e lo w  th e  b a s e  o f  th e  e x c a v a t io n  is  
l im it e d  to 1000  m m  to m in im is e  c o m p u t a t io n  t im e  ( b e c a u s e  it  h a s  b e e n  
f o u n d  t h a t  th e  in f lu e n c e  o f  th e  d e p th  o f  g r o u n d  b e lo w  th e  p ip e  i s  n o t  
s ig n if ic a n t ) ,  a n d  th e  g r a n u la r  b e d d in g  m a t e r ia l  is  p la c e d , a llo w in g  a t  
le a s t  1 5 0  m m  t h ic k n e s s  b e t w e e n  p ip e  a n d  b a s e . T h e  i n - s i t u  f ix it ie s  fo r  
le ft  a n d  r ig h t  b o u n d a r y  e d g e s  a r e  r e s t r a in e d  in  th e  h o r iz o n t a l  d ir e c t io n ,  
w h i ls t  th e  b o t t o m  b o u n d a r y  is  a s s u m e d  to b e  f ix e d  in  b o th  h o r iz o n t a l  
a n d  v e r t ic a l  d ir e c t io n s .
I n  F i g u r e  5 .2 ( a ) ,  th e  p r o p e r t ie s  o f  th e  b a c k f i l l  m a t e r ia ls  f o r  e a c h  z o n e  
a re  v a r ia b le  s o  t h a t  th e  in f lu e n c e  o f  d if f e r e n t  p r o p e r t ie s  c a n  b e  
e x a m in e d . T h e  e la s t ic  m o d u li  o f  b a c k f i l l  m a t e r ia ls ,  E s , fo r  p ip e  b e d d in g ,  
h a u n c h  a n d  s u r r o u n d in g  s o i ls  ( s e e  Z o n e  1  a n d  Z o n e  2  in  F i g u r e  5 .2 (a ))  
w it h in  th e  t r e n c h  a r e  a s s u m e d  to b e  b e t w e e n  2 . 0 x 1 0 4 k N / m 2 fo r  a  
lo o s e  s t a t e  a n d  9 . 0 x  1 0 4k N / m 2 f o r  a  d e n s e  s ta te , b a s e d  u p o n  th e  
r e s u lt s  o f  c o n v e n t io n a l  t e s t in g .  S in c e  th e  m a x im u m  o p e r a t io n a l s t if f n e s s  
c a n  b e  a s s u m e d  a s  5 0 % - 8 0 %  o f  th e  f ie ld  v a lu e s  o b t a in e d  f r o m  s e is m ic  
g e o p h y s ic a l  t e c h n iq u e s , w h ic h  a p p e a r  to b e  f iv e  o r  te n  t im e s  g r e a t e r  
t h a n  t h o s e  o b t a in e d  f r o m  la b o r a t o r y  t e s t in g ,  ( C la y t o n  a n d  I i e y m a n n ,  in  
p r e s s ) ,  th e  a n a l y s is  th e r e fo r e  in c lu d e s  m a t e r ia ls  in  a n  e x t r e m e ly  d e n s e  
s t a t e , w it h  E s =  3 . 0 x l O 5k N / m 2 . M in im u m  a n d  m a x im u m  b u lk  d e n s it ie s  
7S , a re  c h o s e n  to b e  b e t w e e n  1 8 . 5 k N / m 3 a n d  2 2 k N / m 3 . T h e  p r o p e r t ie s  
o f to p  s o il  a b o v e  th e  p ip e  ( Z o n e  3  in  F i g u r e  5 .2 ( a ) )  a r e  f ix e d  a t  
E s — 1 . 7 x  1 0 4k N / m 2 a n d  ys — 1 8 k N / m 3 , c o n s id e r in g  th e  M L  s o i l  to b e  
in  a  r e la t iv e ly  lo o s e  s ta te , u n le s s  o t h e r w is e  s p e c if ie d .
S o m e  o f th e  m a t e r ia ls  d ir e c t ly  b e n e a t h  th e  p ip e  in  th e  b o tto m  a n d  
h a u n c h  a r e a s  (th e  z o n e s  le tte r e d , a - j  in  F i g u r e  5 .2 ( a ) )  a re  c o n s id e r e d  a s  
a  d u m p e d  s o i l  (o r  v e r y  lo o s e  s o il) .  F o r  e x a m p le , f o r  th e  s e r ie s  n u m b e r  
S 6X X  th e  a r e a s  a - d  a n d  i - j  a r e  v o id s  a n d  th e  a r e a s  e - h  b e lo n g  to th e  
b a c k f i l l  m a t e r ia l  z o n e  ( 1 ) .  T h e  m a t e r ia l  z o n e  (4) b e lo w  th e  p ip e  in v e r t  
a r e a  is  a s s u m e d  to  b e  in  a  r e la t iv e ly  d e n s e r  s t a t e  t h a n  th e  a d ja c e n t  
m a t e r ia l,  d u e  to th e  p ip e  w e ig h t  a n d  s u p p o r t in g  lo a d .
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5.3 Relative S tiffness of Pipe and Side Fill
5 . 3 . 1  C o n c e p t  o f  c o n s t r u c t i o n
I n  o r d e r  to im p r o v e  th e  q u a l it y  o f th e  n u m e r ic a l  a n a ly s is ,  th e  m o d e llin g  
o f c o n s t r u c t io n  a c t iv i t y  s u c h  a s  e le m e n t  r e m o v a l  o r  a d d it io n  w i l l  b e  k e p t  
th e  s a m e  a s  a n  a c t u a l  p r o c e d u r e  o f  c o n s t r u c t io n  m e th o d  in  th e  f ie ld .  
A f t e r  c o m p le t io n  o f  e x c a v a t io n ,  a  s h a p e d  b e d d in g  is  p r e p a r e d  o n  th e  
f re e  s u r f a c e ,  w it h  th e  r e q u ir e d  p r o p e r t ie s  o f a  g r a n u la r  s o i l  ( M a t e r ia l  
Z o n e s  1  a n d  4 in  F i g u r e s  5 .2 ( a )  a n d  5 .2 ( b ) ) .  A n  in v e r t  z o n e  (4 ), 
e x p e c t in g  a  t ig h t  c o n t a c t  w it h  th e  o u t e r  s u r f a c e  o f  th e  p ip e  in  c a s e  o f  
s e r ie s  n u m b e r s  S 1 X X ,  S 2 X X  a n d  S 3 X X ,  is  a s s u m e d  to b e  a  l it t le  h ig h e r
in  s t if f n e s s  c o m p a r e d  to th e  o u t e r  p o r t io n  o f  b e d d in g . T h e  p ip e  i s  th e n
in s t a l le d  o n  th e  p r e -s h a p e d  b e d d in g . T h e  la y e r s  o f  s id e  b a c k f i l l  a re  
p la c e d  s t e p  b y  s te p , w h e r e in  th e  d e g r e e  o f  c o m p a c t io n  s h a l l  b e  
c o n t r o lle d  to  m e e t  th e  r e q u ir e m e n t s  f o r  th e  s u p p o r t in g  s y s t e m  ( M a t e r ia l  
Z o n e  2 , F i g u r e  5 .2 ( c ) ) .  T h e  to p  s o il  is  th e n  p la c e d  u p  to th e  o r ig in a l
g r o u n d  le v e l.  T h e  d e s ig n  d e n s it y  o f  th e  s o i l  a b o v e  th e  p ip e  ( T S D )  is
a s s u m e d  to  b e  lo w e r  t h a n  s id e  f ill,  to g e th e r  w it h  lo w e r  e la s t ic  
p r o p e r t ie s . T h e  g e n e r a l  in s t a l la t io n  p r o c e d u r e  is  c o m p r is e d  o f th e  
f o llo w in g  s e q u e n c e :
(i)  E x c a v a t e  th e  g r o u n d  to  th e  r e q u ir e d  d e p th , f o r m in g  a  w id e
t r e n c h .
( ii)  P la c e  a n d  c o m p a c t  b e d d in g  m a t e r ia l  ( Z o n e  1 )  to s a t is f y  
th e  d e s ig n  r e q u ir e m e n t s ,  o v e r  a  d e p th  e x t e n d in g  
a p p r o x im a t e ly  0 .0 3 5  D m b e lo w  th e  b o tto m  o f th e  p ip e ,
w h e r e  D m i s  th e  m e a n  r a d iu s  o f th e  p ip e . ( T h e  d e p th
b e lo w  th e  p ip e  is  v a r ia b le  a c c o r d in g  to th e  t y p e  o f
o r ig in a l  g r o u n d , f o r  e x a m p le , if  a  s u b g r a d e  is  c o m p o s e d
o f  r o c k  o r  o th e r  u n y ie ld in g  m a t e r ia l,  th e  r e p la c e m e n t  o f  
s o i l  b e lo w  th e  b o tto m  o f  p ip e  s h a l l  b e  g r e a t e r  t h a n  0 .0 3 5
D m to  a v o id  a  h ig h e r  c o n c e n t r a t e d  s u p p o r t in g  f o r c e  a t  
th e  in v e r t  a r e a .)
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( ii i)  T h i s  la y e r  is  t h e n  a c c u r a t e ly  s h a p e d  w it h  a  s te e l
t e m p la te  a t t a c h e d  to a  b u lld o z e r , so  t h a t  a  p r e d e t e r m in e d
p r o f ile  ( c o in c id e n t  to  th e  o u t s id e  d ia m e t e r  o f  th e  p ip e )  c a n
b e  a c h ie v e d .
( iv )  A f t e r  th a t, th e  p ip e  is  p la c e d  to l in e  a n d  le v e l  o n  th e  
s h a p e d  b e d d in g .
( v )  T h e n ,  th e  s id e  f i l l  ( Z o n e  2 ) is  p la c e d  u p  to th e  s p r in g l in e  
a n d  c o m p a c t e d  a s  r e q u ir e d .
( v i)  T h e  f u r t h e r  s id e  f i l l  a n d  c o m p a c t io n  w il l  b e  c o n t in u e d  to  
3 0 0  m m  a b o v e  c r o w n  o f  th e  p ip e , w h e r e  th e  m a t e r ia ls  
u s e d  a re  g e n e r a l ly  th e  s a m e  a s  th e  s id e  f i l l  a n d  t h o r o u g h  
c o m p a c t io n  is  r e q u ir e d .
( v i i)  T h e  s o il  a b o v e  th e  p ip e  (Z o n e  3 )  i s  a ls o  r e q u ir e d  to
u n d e r g o  a  c e r t a in  d e g r e e  o f  c o m p a c t io n , b u t  i s  m o r e  
c o m p r e s s ib le  t h a n  th e  s id e  f ill.  L o c a l  m a t e r ia ls  a r e  u s u a l l y  
e m p lo y e d , w h e n  th e  t im e -d e p e n d e n t  d e f o r m a t io n  i s  o u t  o f  
c o n s id e r a t io n ..
T h e  n u m e r ic a l  a n a ly s e s  a r e  p e r f o r m e d  b a s e d  o n  th e  f o llo w in g  
a s s u m p t io n s :
(i)  T h e  in f lu e n c e  o f  th e  n a t u r a l  g r o u n d  d e fo r m a t io n  f o llo w in g  
e x c a v a t io n  is  n e g l ig ib le  in  th e  b e h a v io u r  o f  s o i l  a n d  p ip e .
( ii)  A  s m a l l  s t r a in / o r  s m a l l  d is p la c e m e n t  o c c u r s  w it h in  th e  
d o m a in .
( ii i)  T h e  p r o p e r t ie s  o f  th e  m a t e r ia l  a re  a s s u m e d  a s  
h o m o g e n e o u s  a t  e a c h  in c r e m e n t a l  b lo c k .
( iv )  L o a d in g  is  f u l ly  d r a in e d .
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F i g u r e  5 .2  i l lu s t r a t e s  a  d e t a il  o f  b e d d in g  a n d  b a c k f il l in g ,  in c lu d in g  th e  
e x t e n t  o f  th e  v o id  z o n e  w h ic h  v a r ie s  w it h  th e  d e g r e e  o f  c o m p a c t io n  o f  
th e  b e d d in g  m a t e r ia l .  T h i s  c o n c e p t  c o v e r s  th e  c o n s t r u c t io n  m e th o d  w it h  
a  f la t  b e d d in g , w h e r e  th e  c o m p a c t io n  in to  th e  lo w e r  p o r t io n  o f  th e  p ip e  
c a n  n o t  b e  a c h ie v e d  w it h  a c c e p t a b le  r e lia b il it y .  F o r  in s t a n c e ,
(i)  S e r ie s  n u m b e r  S I X  r e p r e s e n t s  p o o r  c o n s t r u c t io n  
p r a c t ic e  (o r  f la t  b e d d in g  c o n s t r u c t io n  m e th o d )  w it h  a n  
e x t r e m e ly  l im it e d  c o n t a c t  a r e a  b e t w e e n  t w o  m e d ia ,  
a s s u m in g  a  la r g e  v o id  z o n e  ( b - j ) ,  w h e r e a s
(ii)  S e r ie s  n u m b e r  S 4 X  c o r r e s p o n d s  to  a  p e r f e c t  b e d d in g  
c o n d it io n , in d ic a t in g  z e r o  v o id s  in  th e  h a u n c h  a r e a .
T h e  t h ir d  le t t e r  " X "  d e n o te d  in  th e  s e r ie s  n u m b e r  h a s  o n e  o f  s e v e n  
d ig it a l  n u m b e r s  ( 1 ,  2, 3 , 4, 5 , 6 a n d  7 ) , c o r r e s p o n d in g  to th e  s t if f n e s s  of  
s o il  20, 30 , 40, 60, 90 , 1 5 0 ,  a n d  3 0 0 M P a , r e s p e c t iv e ly  (s e e  F i g u r e  5 .1 0 ) .  
T h e  la s t  le t te r  " X "  in  th e  s e r ie s  n u m b e r  in d ic a t e s  a  v a r io u s  s t if f n e s s  o f  
p ip e  w a ll ,  s h o w in g  o n e  d ig it a l  n u m b e r  a m o n g  1  to 8 w h ic h  a r e  2 2 , 3 3 ,  
44, 66, 88, 1 3 2 ,  3 0 0  a n d  6 0 0  G P a ,  r e s p e c t iv e ly  (s e e  F i g u r e  5 .1 6 ) .
5.3.2 Conventional installation method
A  t y p ic a l  r a d ia l  e a r t h  p r e s s u r e  d is t r ib u t io n  a r o u n d  th e  p ip e  w it h  f u ll  
c o n t a c t  o f  s u r r o u n d in g  s o il  is  g iv e n  in  F i g u r e  5 .4 ( a ) .  T h e  f le x u r a l  
s t r e s s e s  a t  th e  in n e r  a n d  o u t e r  f ib r e s  o f th e  p ip e  w a l l  a n d  th e  
c o r r e s p o n d in g  b e n d in g  m o m e n t  a r e  p r e s e n te d  in  F i g u r e  5 .4 ( b )  a n d  5 .4 ( c ) ,  
r e s p e c t iv e ly .  T h e  in f lu e n c e  o f  th e  b e d d in g  ty p e  is  d e m o n s t r a t e d  in  
F i g u r e s  5 .5  (a ), (b )  a n d  (c ), b y  c o n s id e r in g  th e  c a s e  o f  v o id s  in  th e  
h a u n c h  a r e a . T o  e n a b le  th e  w id e  c o m b in a t io n s  o f p a r a m e t e r s  u s e d  in  
th e  a n a ly s e s  to b e  s u m m a r is e d  e a s i ly ,  a  c o d in g  s y s t e m  h a s  b e e n  u s e d .  
F u l l  d e t a ils  o f  th e  n u m b e r in g  s t r u c t u r e  is  p r o v id e d  in  F i g u r e  5 .3 . F o r  
e x a m p le , f o r  th e  c o d e  S 4 4 5 - 0 3 ,  th e  f ir s t  le t te r  in  th e  s e r ie s  in d ic a t e s  
t h a t  th e  a n a l y s is  is  p e r fo r m e d  to e x a m in e  th e  in f lu e n c e  o f  th e  s o il
-  162 -
s t if f n e s s ,  th e  s u b s e q u e n t  n u m b e r s  4, 4  a n d  5  in d ic a t e  th e  b e d d in g  ty p e ,  
s o il  s t if f n e s s  a n d  p ip e  w a l l  s t if f n e s s ,  a s  d e s c r ib e d  in  th e  p r e v io u s  
s e c t io n , a n d  0 3  in d ic a t e s  th e  d e p th  o f  e a r t h  c o v e r .
I n  F i g u r e s  5 .4 ( b )  a n d  5 .5 ( b ) ,  c o m p r e s s iv e  s t r e s s e s  a re  p o s it iv e  a n d  
t e n s ile  s t r e s s e s  a r e  n e g a t iv e ,  a n d  th e  p e a k  t e n s ile  s t r e s s  ( o c c u r r in g  a t  
th e  in v e r t )  g o v e r n s  th e  p ip e  d e s ig n .  T h e  p e a k  b e n d in g  m o m e n t  in  
F i g u r e  5 .5  o c c u r s  a t th e  s a m e  p la c e  w h e r e  th e  p e a k  t e n s ile  s t r e s s  
o c c u r s .  In  m o r e  d e ta il,  th e  p e a k  b e n d in g  m o m e n t  o c c u r s  a t  a  p la c e  
w h e r e  a  d is t a n c e  b e t w e e n  t w o  s t r e s s  d ia g r a m s  fo r  th e  in n e r  a n d  o u te r  
f ib r e s  b e c o m e s  th e  la r g e s t  t h r o u g h  th e  p ip e  w a ll .  A s  is  to b e  e x p e c te d ,  
th e  lo c a t io n s  f o r  z e ro  b e n d in g  m o m e n t  c o in c id e  w it h  th e  p la c e s  w h e r e  
th e  tw o  s t r e s s  d ia g r a m s  in t e r s e c t .
R e t u r n in g  to F i g u r e  5 .5 ( a ) ,  th e  r a d ia l  s u p p o r t in g  p r e s s u r e  u n d e r  th e  
b o tto m  o f th e  r i g i d  p ip e  ( w it h  th e  r a r e  e x c e p t io n s  s u c h  a s  th e  lo c a lis e d  
c o n t a c t  b e d d in g  c o n d it io n  r e p r e s e n t in g  b y  th e  s e r ie s  n u m b e r  S 1 X 5 )  
in c r e a s e s  f r o m  th e  p ip e  in v e r t  t o w a r d  th e  e x t r e m it ie s ,  w h ic h  is  v e r y  
s i m ila r  to th e  c a s e  o f  a  p e r f e c t ly  r ig id  fo o t in g  e x p la in e d  b y  
T e r z a g h i ( 1 9 4 3 )  w h e r e  th e  s h a p e  o f th e  c o n t a c t  p r e s s u r e  v a r ie s  w it h  a  
d is t a n c e  f r o m  th e  c e n t r e  o f  th e  b a s e  in  o rd e r  to p r o d u c e  u n if o r m  
s e t t le m e n t  o f  th e  lo a d e d  a r e a  o f  a  s e m i- in f i n it e  'e la s t o -p la s t ic  s o lid . T h e  
b e h a v io u r  o f  s u b s o il  b e lo w  th e  p ip e  b o tto m  is  s im ila r  to t h a t  b e lo w  a  
f le x ib le  p ip e , h o w e v e r  th e  s e t t le m e n t  a p p e a r s  in  a  q u ite  d if f e r e n t  p a tt e r n  
c o m p a r e d  to th e  f le x ib le  p ip e . T h i s  r e s u lt s  in  th e  s u p p o r t in g  p r e s s u r e s  
in  th e  h a u n c h  in c r e a s in g  w it h  th e  s e t t le m e n t s , w h ile  th e  s u p p o r t in g  
p r e s s u r e  a n d  s e t t le m e n t s  a t  th e  in v e r t  a r e a  d e c r e a s e .
F i g u r e  5 .6  d e p ic t s  t y p ic a l  v e r t ic a l  a n d  h o r iz o n t a l  p r e s s u r e  d is t r ib u t io n s .  
T h e  v e r t ic a l  e a r t h  lo a d  im p o s e d  o n  th e  to p  o f  th e  p ip e  is  a p p r o x im a t e ly  
1 . 2 5  t im e s  to th e  w e ig h t  o f  th e  p r is m  o f  s o il  d ir e c t ly  a b o v e  th e  p ip e  
b e c a u s e  th e  p ip e  s y s t e m  i s  s t if f e r  t h a n  th e  s u r r o u n d in g  s o il.  T h e  r a t io  
o f th e  to ta l la t e r a l  e a r t h  p r e s s u r e  ( b e t w e e n  th e  to p  o f th e  p ip e  a n d  th e  
to p  s u r f a c e  o f  th e  b e d d in g , c o r r e s p o n d in g  to a  r a d ia l  a n g le  o f  1 3 5  
d e g r e e s  f r o m  th e  p ip e  c r o w n )  to th e  t o ta l v e r t ic a l  e a r t h  lo a d  im p o s e d  o n
th e  to p  o f  p ip e  is  r e c o r d e d  a t  a r o u n d  0 .3 0 . I n  w h ic h ,  th e  d is t r ib u t io n  o f  
v e r t ic a l  s u p p o r t in g  p r e s s u r e  in  th e  s h a p e d  b e d d in g  a p p e a r s  r a t h e r  c lo s e  
to T e r z a g h iC  1 9 4 3 ) ' s  t h e o r y , t h a n  to O la n d e r ( 1 9 5 0 ) 's  b u lb  t y p e  u s e d  f o r  
th e  c o n v e n t io n a l  d e s ig n  m e th o d . ( R e f e r  to F i g u r e s  5 .4 ( a )  a n d  5 .5 ( a ) .)
5.3.2.1 Influence of so il s tiffn ess
T h e  r e la t io n s h ip  b e t w e e n  r a d ia l  e a r t h  p r e s s u r e  (o r r e s u lt in g  b e n d in g  
m o m e n t )  a n d  s o il  s t if f n e s s  i s  e x a m in e d  in  F i g u r e  5 .7  a n d  F i g u r e  5 . 1 1 ,  
b a s e d  o n  th e  m a t e r ia l  p r o p e r t ie s  s h o w n  in  T a b l e  5 . 1 .  F r o m  th e  a n a ly s e s  
s h o w n  in  F i g u r e  5 .7  a n d  F i g u r e  5 .1 .1 ,  i t  c a n  b e  s e e n  t h a t  th e  s t r e s s  
r e s p o n s e  o f  th e  p ip e  is  n o t  g r e a t ly  in f lu e n c e d  b y  th e  c h a n g e  in  th e  
s t if f n e s s  o f  s o i l  p la c e d  a b o v e  th e  p ip e , b u t  th e  d e c r e a s e  o f  th e  s t if f n e s s  
o f s id e  f i l l  r e s u lt s  in  a n  in c r e a s e  o f  th e  s u p p o r t in g  p r e s s u r e  a t  th e  
b o tto m  a n d  th e  d e c r e a s e  o f  th e  la t e r a l  p r e s s u r e s .  T h e  d e n s it y  o f  f i l l  
o n ly  s l ig h t ly  a f f e c t s  th e  m a g n it u d e  o f  e a r t h  p r e s s u r e .
S id e  f i l l  w it h  a  lo w e r  s t if f n e s s  p r o d u c e s  a  b u l b - t y p e  p r e s s u r e  
d is t r ib u t io n  o n  th e  to p  o f  th e  p ip e , w h ile  th e  s t r e s s  d is t r ib u t io n  f o r  a  
h ig h e r  s t if f n e s s  h a s  a  d e f le c te d  s h a p e  t o w a r d  th e  e x t r e m it ie s ,  a s  s h o w n  
in  F i g u r e  5 .7 ( a ) .  T h i s  m a y  b e  d u e  to s h e a r in g  f o r c e s  a t  th e  ( im a g in a r y )  
v e r t ic a l  p la n e s  b e t w e e n  th e  s o i l  m a s s  p la c e d  d ir e c t ly  a b o v e  th e  p ip e  a n d  
th e  s o i l  m a s s  a b o v e  th e  s id e  f il l,  w h ic h  p r o d u c e  a d d it io n a l lo a d s  o n  th e  
p ip e . T h e  m a g n it u d e  o f  s h e a r in g  fo r c e  d e p e n d s  o n  th e  p r o p e r t ie s  o f  th e  
f i l l  m a t e r ia l ,  w h e r e  a  h ig h e r  s t if f n e s s  r e s u lt s  in  a  h ig h e r  f r ic t io n a l  fo rc e .  
A  h ig h  s h e a r  s t r e s s  o c c u r s  n e a r  th e  b o u n d a r y  o f  th e  tw o  m a s s e s ,  a n d  
i t  t e n d s  to d im in is h  w it h  in c r e a s in g  d is t a n c e  f r o m  th e  b o u n d a r y  t o w a r d  
th e  v e r t ic a l  c e n t r e lin e  o f  th e  p ip e . T h e r e f o r e ,  f o r  d e n s e  g r a n u la r  f il l,  th e  
p r e s s u r e s  f o r  th e  e m b a n k m e n t  in s t a l la t io n  c o n d it io n  w il l ,  t h e o r e t ic a lly ,  b e  
la r g e s t  a t  th e  e x t r e m it ie s  o f  th e  p ip e  (th e  p r is m  lo a d  p lu s  th e  s h e a r in g  
f o r c e )  a n d  lo w e s t  d ir e c t ly  a b o v e  th e  p ip e  c r o w n  (w h e r e  th e  p r e s s u r e  
w il l  b e  th e  s a m e  a s  th e  p r is m  lo a d  in t e n s it y  w h e n  th e  p ip e  s iz e  is  
r e la t iv e ly  la r g e r  t h a n  th e  e a r t h  c o v e r ) .  T h i s  p h e n o m e n o n  is ,  h o w e v e r ,  
s l ig h t ly  m o d if ie d  d u e  to th e  p r o b le m s  o f  b o t h  th e  c o m p lic a t e d  g e o m e t r y  
o f th e  s o i l - p i p e  s y s t e m  a n d  th e  in t r ic a t e  d e fo r m a tio n  c h a r a c t e r is t ic s
o c c u r r in g  w it h in  th e  p ip e , th e  f i l l  m a t e r ia l  a n d  th e  n a t u r a l  g r o u n d .
W h e n  th e  p ip e  is  in s t a l le d  a t  d e p th  w it h  e x t r e m e ly  h ig h e r  s t if f n e s s  o f  
s o il,  th e  s h a p e  o f  th e  e a r t h  p r e s s u r e  im p o s e d  011 th e  to p  o f  th e  p ip e  a n d  
th e  s h a p e  o f th e  s u p p o r t in g  p r e s s u r e  u n d e r  th e  b o tto m  o f th e  p ip e  te n d  
to b e  a lm o s t  id e n t ic a l.  F i g u r e  5 .8  d e m o n s t r a t e s  t h is  s it u a t io n ,  w h e r e  th e  
tr e n d  c a n  b e  s e e n  r a t h e r  c le a r ly  w it h  in c r e a s in g  e a r th  c o v e r  d e p th . H e r e  
th e  s o i l  p r o p e r t ie s  a re  th e  s a m e  a s  e a c h  o th e r. I n  o t h e r  w o r d s ,  th e  
s h a p e  o f  th e  p r e s s u r e  d is t r ib u t io n  is  a lm o s t  s y m m e t r ic  a b o u t  th e  p ip e  
s p r in g lin e ,  a n d  th e  s m a l l  d if f e r e n c e s  a re  o n ly  d u e  to th e  p ip e  
s e l f -w e ig h t .  F r o m  t h is ,  it  i s  c o n c lu d e d  t h a t  th e  s h a p e  o f  th e  r a d ia l  e a rth  
p r e s s u r e  d is t r ib u t io n  is  g r e a t ly  in f lu e n c e d  b y  th e  s t if f n e s s  o f  th e  f il l  
m a t e r ia l ,  a n d  th e  in t e n s it y  o f  p r e s s u r e  a t  a n y  p o in t  a lo n g  th e  p e r ip h e r y  
o f th e  p ip e  i s  n e a r ly  in  p r o p o r t io n  to th e  d e p th  o f e a r t h  c o v e r .
5.3.2.2 Influence of bedding condition
F i g u r e s  5 .9  a n d  5 . 1 0  s h o w  th e  d if f e r e n c e  b e tw e e n  t w o  in s t a l la t io n  
c o n d it io n s  ( S 2 1 5  a n d  S 4 1 5 ) ,  w h e r e  th e  p r o p e r t ie s  o f  s id e  f i l l  m a t e r ia ls  
a re  id e n t ic a l.  I t  d e m o n s t r a t e s  t h a t  r e la t iv e ly  p o o r  p r a c t ic e  ( S 2 1 5 )  c a u s e s  
b e n d in g  m o m e n t s  to b e  in c r e a s e d , a s  a  r e s u lt  o f  a  h i g h ly  c o n c e n t r a t e d  
c o n t a c t  p r e s s u r e  j u s t  a r o u n d  th e  p ip e  in v e r t ,  w h i ls t  r e la t iv e ly  g o o d  
p r a c t ic e  ( S 4 1 5 )  le a d s  to a  d e c r e a s e d  b e n d in g  m o m e n t  b e c a u s e  o f  
w e l l -d is t r ib u t e d  s u p p o r t in g  p r e s s u r e .  H e r e ,  th e  d if f e r e n c e  in  th e  p e a k  
b e n d in g  m o m e n t s  r e a c h e d  n e a r ly  4 4 % .  N o  d iff e r e n c e  in  th e  in t e n s it y  o f  
th e  r a d ia l  e a r t h  p r e s s u r e  o n  th e  u p p e r  p a r t  o f  th e  p ip e  c a n  b e  fo u n d ,
a lt h o u g h  th e  s u p p o r t in g  p r e s s u r e s  a p p e a r  q u ite  d if f e r e n t  to  e a c h  o th e r,
a s  s h o w n  in  F i g u r e  5 .9 . F r o m  t h is ,  it  c a n  b e  n o te d  t h a t  b o t h  th e
m a g n it u d e  a n d  th e  s h a p e  o f  th e  e a r t h  lo a d  im p o s e d  o n  th e  to p  o f  th e
p ip e  h a v e  n o  r e la t io n  to th e  b e d d in g  c o n d it io n .
O n  th e  o t h e r  h a n d , F i g u r e  5 . 1 1  i l lu s t r a t e s  t h a t  th e  m a x im u m  b e n d in g  
m o m e n t  is  s ig n if ic a n t ly  a ff e c t e d  b y  th e  s t if f n e s s  o f  th e  s id e  f i l l  ( S 2 1 5  
a n d  S 2 4 5 ) .  B y  in c r e a s in g  th e  s t if f n e s s  o f th e  f ill,  th e  r e d u c t io n  o f  
m a x im u m  b e n d in g  m o m e n t  r e a c h e d  a r o u n d  3 2 % .  H e r e , th e  s a m e  b e d d in g
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c o n d it io n  h a s  b e e n  a p p lie d , b u t  th e  s t if f n e s s e s  o f  th e  s id e  f i l l  in  S 2 1 5
a n d  S 2 4 5  w e r e  2 0  M P a  a n d  6 0  M P a ,  r e s p e c t iv e ly .  I t  w o u ld  a p p e a r  t h a t
th e  s t if f e r  s id e  f il l  m a k e s  it  p o s s ib le  to s h a r e  th e  s u p p o r t in g  p r e s s u r e  
n e a r  th e  h a u n c h  a re a , r e s t r a in in g  th e  h o r iz o n t a l  d is p la c e m e n t  o f  th e  p ip e . 
T h i s  c o n s t r a in t  s e e m s  a ls o  to  a p p ly  to th e  v e r t ic a l  d is p la c e m e n t  o f th e  
p ip e , s im u lt a n e o u s ly .
F r o m  th e  a b o v e , th e  f o llo w in g  p r e l im in a r i ly  c o n c lu s io n s  a re  m a d e :
♦  T h e  t y p e  o f b e d d in g  g r e a t ly  in f lu e n c e s  th e  p e a k  b e n d in g  m o m e n t  
in  th e  p ip e  w a l l  ( F ig u r e  5 . 1 0 ) .  W it h  in c r e a s in g  s t if f n e s s  o f  
f i l l  m a t e r ia l ,  th e  p e a k  b e n d in g  m o m e n t  d e c r e a s e s  ( F i g u r e  5 . 1 1 ) .
♦  A lt e r n a t iv e ly ,  a  s i m ila r  e ffe c t, c o r r e s p o n d in g  to th e  g o o d  q u a lit y  
b e d d in g  c o n d it io n  s u c h  a s  S 4 1 5  ( F i g u r e  5 . 1 0 ) ,  c a n  b e  in s t a n t ly
a c h ie v e d  b y  u s i n g  th e  h ig h e r  s t if f n e s s  o f th e  s id e  f i l l  s u c h  a s
S 2 4 5  ( F i g u r e  5 . 1 1 ) ,  r e s u lt in g  f r o m  b e t t e r  c o m p a c t io n .
♦  T h e  c o m b in a t io n  o f im p r o v e d  b a c k f i l l in g  a n d  b e d d in g  c o n d it io n  
( i.e . S 4 4 5  in  F i g u r e  5 .4 ( c ) )  a c c e le r a t e s  th e  r e d u c t io n  in  t h e  p e a k  
b e n d in g  m o m e n t.
F i g u r e  5 . 1 2  s u m m a r is e s  th e  b e n d in g  m o m e n t s  a t  th e  p ip e  in v e r t  (fo r  
n o n -p r e s t r e s s e d  r i g i d  p ip e ). H e r e ,  th e  e la s t ic  m o d u lu s  o f  p ip e  w a l l  w a s  
f ix e d  a t  88 G P a ,  th e  s t if f n e s s  o f  s o i l  a b o v e  th e  p ip e  w a s  a s s u m e d  to b e  
a  r e la t iv e ly  s o f t  m a t e r ia l  h a v in g  a  E s = 1 7 M P a ,  a n d  a n  e a r t h  c o v e r  o f  
3 .0 m  w a s  u s e d . I n  g e n e r a l,  e v e n  a  s m a l l  in c r e a s e  o f s t if f n e s s  in  th e  f i l l  
m a t e r ia l  a t  th e  b e g in n in g  c a u s e d  a  la r g e  r e d u c t io n  o f  b e n d in g  m o m e n t  
( a r o u n d  5 0 % ) ,  s h o w in g  a  l in e a r  v a r ia t io n  u p  to a  s t if f n e s s  o f  6 0  M P a .  
A f t e r  th a t, th e  c u r v e  s h o w s  a  n o n - l i n e a r  r e s p o n s e . A  m a r k e d ly  s m a lle r  
b e n d in g  m o m e n t  w a s  o b s e r v e d , w h e n  u s in g  th e  in s t a l la t io n  c o n d it io n  
S 4 X 5  r e p r e s e n t in g  th e  f u l l  c o n t a c t  o f  tw o  m e d ia . T h i s  c a s e  s e e m s  to b e  
c lo s e  to  s h ie ld  t u n n e ll in g ,  a llo w in g  a  v e r y  s m a ll  d is p la c e m e n t  o f th e  
n a t u r a l  g r o u n d . T h i s  f ig u r e  p r o v id e s  a  g u id e lin e  f o r  d e t e r m in in g  th e  
a llo w a b le  b e d d in g  a n g le  o u t  o f  c o n s id e r a t io n  f o r  a  s it e  c o n d it io n  a t  th e  
in it ia l  s t a g e  o f  th e  d e s ig n ,  a lt h o u g h  s t il l  e x is t s  ' s t i l l  s e v e r a l
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u n c e r t a in t ie s  w it h  r e s p e c t  to th e  a c t u a l  m a t e r ia l  p r o p e r t ie s  s u c h  a s  a  
m a t e r ia l  s t if f n e s s ,  P o i s s o n ' s  r a t io , e f f e c t iv e  f r ic t io n  a n g le , e tc ..
T h e  b e d d in g  a n g le s  s h o w n  o n  th e  r ig h t  h a n d  a x is  o f  F i g u r e  5 . 1 2  a re  
b a s e d  o n  O la n d e r 's  ( 1 9 5 0 )  a n a ly s is .  F o r  a  g iv e n  b e d d in g  a n g le , th e r e  
a re  m a n y  a lt e r n a t iv e s  fo r  th e  s e le c t io n  o f  th e  c o n s t r u c t io n  m e th o d  to  
a llo w  f o r  th e  v a r ia t io n  in  w o r k m a n s h ip  a n d  f ie ld  c o n d it io n s .  F o r  
e x a m p le , w it h  r e f e r e n c e  to F i g u r e  5 . 1 2 ,  a  d e s ig n  b e d d in g  a n g le  o f le s s  
t h a n  9 0 ° c a n  b e  a c h e iv e d  b y  u s in g  a n y  o f  th e  c o n s t r u c t io n  c o n d it io n s  o f  
S 1 5 5 ,  S 2 4 5 ,  S 3 3 5  o r  S 4 1 5  in  th e  f ie ld  .
5.3.3 M odified shaped bedding
T h e  e s s e n t ia l  r e q u ir e m e n t  a s s o c ia t e d  w it h  th e  s o i l - p i p e  in s t a l la t io n  
s y s t e m  is  p r im a r i ly  to  p r o v id e  a  u n if o r m  s u p p o r t  u n d e r  th e  lo w e r  
p o r t io n  o f  th e  p ip e , to p r e v e n t  a  c o n c e n t r a t io n  o f s t r e s s e s  a t  th e  in v e r t  
a re a . O t h e r w is e ,  i t  r e q u ir e s  m o r e  p r e s t r e s s in g  w ir e  o r  a n  a d d it io n a l  w a ll  
t h ic k n e s s .  H o w e v e r ,  s in c e  i t  is  n o t  e a s y  to a c h ie v e  a  d e s ir a b le  
s u p p o r t in g  s y s t e m  w it h  c o n v e n t io n a l  f la t  b e d d in g  o r  s h a p e d  b e d d in g , a n  
a lt e r n a t iv e  a p p r o a c h , te r m e d  the modified shaped bedding , h a s  b e e n  
s u g g e s t e d  b y  H e g e r ( 1 9 8 8 )  to s a t i s f y  th e  r e q u ir e m e n t s . T h e  a d d it io n a l  
p r o c e d u r e  f o r  th e  m o d if ie d  s u p p o r t in g  s y s t e m  is  c o m p r is e d  o f:
( i)  B e f o r e  la y in g  a  p ip e , a  b e d d in g  m a t e r ia l  is  p la c e d  a n d  
c o m p a c t e d  o v e r  a  d e p th .
( ii)  T h i s  la y e r  is  t h e n  a c c u r a t e ly  s h a p e d  w it h  a radius 
slightly less than the outside diameter of the pipe  to  
e n s u r e  th e  u p p e r  p a r t s  o f  th e  s h a p e d  b e d d in g  n e a r  b o th  
e x t r e m it ie s  a r e  in  c o n t a c t  w it h  th e  p ip e  w a ll .  T h i s  a llo w s  
a n  a d e q u a te  t o le r a n c e  in  s h a p in g  th e  b e d d in g , w h e n  th e  
p ip e  is  in it ia l ly  p la c e d  in to  th e  s h a p e d  b e d d in g . ( D A C ,  
1 9 9 1 )
A lt e r n a t iv e ly ,  th e  in v e r t  r e g io n  is  lo o s e n e d  to e n s u r e  t h a t  m a x im u m  
s u p p o r t  c a n  b e  p r o v id e d  u n d e r  th e  p ip e  h a u n c h .  F i g u r e  5 . 1 3  s h o w s  th e  
c o n c e p t  o f  th e  m o d if ie d  s u p p o r t in g  s y s t e m .  F o r  in s t a n c e ,  w h e n  th e  p ip e  
is  s u p p o r t e d  o v e r  a  lo c a l is e d  a r e a  a t  th e  in v e r t ,  th e  r e a c t io n  ( R )  w i l l  b e  
a lm o s t  th e  s a m e  a s  th e  s u m  o f  th e  p ip e  s e l f - w e i g h t  a n d  th e  e a r t h  lo a d s  
im p o s e d  o n  th e  to p  o f  th e  p ip e  ( W ) .  O n  th e  o th e r  h a n d , in  th e  m o d if ie d  
s u p p o r t  s y s t e m ,  a  h a lf  p o r t io n  o f th e  to ta l w e ig h t  ( R / 2 )  w i l l  b e
s u p p o r t e d  b y  a  s h if t e d  s u p p o r t  a r e a  in  th e  h a u n c h . T h i s  s it u a t io n  r e s u lt s  
in  th e  m a g n it u d e  o f  th e  m a x im u m  b e n d in g  m o m e n t  b e in g  g r e a t ly  
d e c r e a s e d .
S in c e  th e  o r ig in a l  c o n c e p t  o f  s h a p e d  b e d d in g  (h e re  t e r m e d  standard 
shaped bedding -  a s s u m in g  f u l l  c o n t a c t  a r o u n d  th e  b o tto m  o f  th e  p ip e )
w a s  s u g g e s t e d  b y  S p a n g le r  in  1 9 3 3 ,  p a r a m e t r ic  s t u d ie s  f o r  b u r ie d  p ip e s
w e r e  c o n d u c t e d  b y  H e r g e r ( 1 9 8 8  a n d  19 9 0 )  f o r  th e  p u r p o s e  o f  th e
e s t a b l is h m e n t  o f  n e w  s t a n d a r d  in s t a l la t io n  c r it e r ia  ( w h ic h  w a s  a d o p te d
b y  A W W A  M 9 - 9 5  a n d  A W W A  C 3 0 4 - 9 2 ) .  I i e g e r ' s  p r o p o s a l  m a d e  a
g r e a t  c o n t r ib u t io n  to  th e  c o n s t r u c t io n  p r a c t ic e  fo r  p ip e  in s t a l la t io n
( c o n s id e r e d  to b e  th e  b e s t  a v a i la b le  o p t io n  to d a te ), a s  it  t a k e s  in to
a c c o u n t  th e  d if f ic u lt ie s  o f  f u l l  c o n t a c t  o f  tw o  d if f e r e n t  m e d ia  w it h  th e  
s t a n d a r d  s h a p e d  b e d d in g  ( C a s e  S 4 X 5  in  F i g u r e  5 . 1 2 ) .
I t  s h o u ld  b e  n o te d  t h a t  a  p r e c a s t  c o n c r e t e  p ip e  is  too r i g i d  to r e s h a p e  
o v e r  a  s h a p e d  b e d d in g , a lt h o u g h  a  s m a l l  v e r t ic a l  d e f o r m a t io n  is  
e x p e c te d . T h e r e  a re  tw o  o r  th r e e  p o s s ib le  d e f ic ie n c ie s  in  p r o v id in g  f ir m
c o n t a c t  b e t w e e n  tw o  m e d ia ;  f o r  in s t a n c e ,
( i)  A  c o n s t r u c t io n  e r r o r  to p r o d u c e  th e  r a d iu s  o f  th e  s h a p e d
b e d d in g  a r c  e x is t s .
( ii)  A  d e f le c t io n  d u e  to th e  s e l f - w e i g h t  o f th e  p ip e  c a n  n o t
b e  a v o id e d , a lt h o u g h  th e  p ip e  is  a b s o lu t e ly  r o u n d  a n d  t r u e  
d u r in g  th e  p r o c e s s  o f  m a n u f a c t u r in g ,  a n d
( ii i)  A  d if f e r e n t ia l  s e t t le m e n t  a lo n g  th e  s u r f a c e  o f th e  b e d d in g  
e x is t s  d u r in g  th e  c o n s t r u c t io n  a n d  s e r v ic e  p e r io d  o w in g
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to  b o th  th e  n o n -h o m o g e n e it y  a n d  in c o n s is t e n t  c o m p a c t io n  
o f th e  b e d d in g .
T h e r e f o r e ,  to  im p r o v e  th e  s u p p o r t in g  s y s t e m , th e  s u g g e s t io n  w a s  m a d e
t h a t  th e  o u t e r  p o r t io n  o f  th e  b e d d in g  h a s  to b e  s t if f e r  t h a n  th e  in v e r t
a re a . L e s s e r  c o m p a c t io n  o f  th e  b e d d in g  m a t e r ia l  (o r  s o f t  m a t e r ia l)  p la c e d  
in  th e  m id d le  t h ir d  o f  th e  o u t s id e  d ia m e t e r  o f  th e  p ip e  is  r e c o m m e n d e d .
5.3.3.1 M odified shaped bedding system  in practice
F o r  th e  a p p lic a t io n  o f  th e  m o d if ie d  s h a p e d  b e d d in g  in  n u m e r ic a l
a n a l y s is ,  it  i s  a s s u m e d  t h a t  v o id s  (o r  v e r y  lo o s e  s o il)  e x is t  a t  lo c a t io n s  
" a - d "  a n d  " i - j "  s h o w n  in  F i g u r e  5 .2  ( S e e  C a s e  S 6X X . ) ,  p r o v id in g  th e  
e f f e c t iv e  s u p p o r t  s y s t e m  a t  lo c a t io n  " e -h " .  O n  th e  o t h e r  h a n d , it s
a p p lic a t io n  to th e  p r a c t ic e  in  th e  f ie ld  c a n  b e  id e a lis e d  b y  p r o v id in g  a  
r a d iu s  o f  a r c  le s s  t h a n  th e  p ip e  o u t s id e  d ia m e te r , w h ic h  e n s u r e s  a  
p o s it iv e  s u p p o r t  in  th e  h a u n c h  a re a .
F i g u r e  5 . 1 4  i l lu s t r a t e s  th e  e f fe c t  o f  a  m o d if ie d  s h a p e d  b e d d in g , p r o d u c in g  
t w o  s y m m e t r ic  s u p p o r t in g  p r e s s u r e  b u lb s  a b o u t  th e  v e r t ic a l  c e n t r e lin e  o f  
th e  p ip e  a n d  n e a r ly  z e ro  c o n t a c t  p r e s s u r e  in  th e  in v e r t  r e g io n . T h i s  h a s  
le d  to th e  d e f o r m e d  s h a p e  o f  th e  p ip e  d u e  to it s  s e l f - w e i g h t  to b e  
s l ig h t ly  r e s h a p e d . T h e  r e le v a n t  f le x u r a l  s t r e s s  d is t r ib u t io n s  a r e  p r e s e n t e d  
in  F i g u r e  5 . 1 5 ,  in d ic a t in g  m o r e  c o m p le x  s t r e s s  d is t r ib u t io n s  c o m p a r e d  to  
th e  s t a n d a r d  s h a p e d  b e d d in g  c o n d it io n , r e s u lt in g  f r o m  th e  s h if t e d  
s u p p o r t in g  s y s t e m . T h e  r e s u lt a n t  b e n d in g  m o m e n t  a t  th e  in v e r t  a p p e a r s  
m u c h  lo w e r  t h a n  t h a t  fo r  th e  s t a n d a r d  s h a p e d  b e d d in g . A s  s h o w n  in  
F i g u r e  5 . 1 6 ,  th e  p ip e  c r o w n  b e c o m e s  a  n e w  c r it ic a l  p o in t  in  th e  d e s ig n .  
T h i s  is  m a in ly  d u e  to th e  r e d u c t io n  in  b e n d in g  m o m e n t  a t  th e  p ip e  
in v e r t ,  r a t h e r  t h a n  th e  in c r e a s e  o f  t h a t  a t  th e  c r o w n .
F u r t h e r  s t u d ie s  h a v e  b e e n  p e r f o r m e d  to  c o m p a r e  th e  in f lu e n c e s  o f  th e  
s t if f n e s s  o f  th e  s id e  f i l l  f o r  tw o  d iff e r e n t  s y s t e m s .  T h e  in p u t  p a r a m e t e r s  
a re  b a s e d  o n  T a b l e  5 .2 . F r o m  th e  r e s u lt in g  b e n d in g  m o m e n t s  s h o w n  in  
F i g u r e  5 . 1 7  f o r  th e  m o d if ie d  s h a p e d  b e d d in g  ( S 6 4 5  v s  S 6 4 5 m )  a n d
F i g u r e  5 . 1 8  f o r  th e  s t a n d a r d  s h a p e d  b e d d in g  ( S 2 4 5  v s  S 2 4 5 m ) ,  it  c a n  b e  
s e e n  t h a t  th e  in f lu e n c e  o f  th e  s t if f n e s s  is  le s s  s ig n if ic a n t  i n  th e  m o d if ie d  
s y s t e m  ( 2 4 %  in c r e a s e )  t h a n  in  th e  s t a n d a r d  s y s t e m  ( 3 6 %  in c r e a s e ) .
S im i la r ly ,  S 7 4 5  ( v o id s  a t  a - c  a n d  h - j )  a n d  S 8 4 5  ( v o id s  a t  a - b  a n d  f - j )  
h a v e  b e e n  e x a m in e d  f o r  c o m p a r is o n  p u r p o s e  w it h  th e  s t a n d a r d  s h a p e d  
b e d d in g  a p p r o a c h e s . T h e  r e s u lt in g  m a x im u m  b e n d in g  m o m e n t s  a re  
in c lu d e d  in  F i g u r e  5 . 1 2 ,  to g e t h e r  w it h  th e  r e s u lt s  f o r  S 6 1 5 ,  S 7 1 5  a n d  
S 8 1 5  ( h a v in g  a  s o il  s t if f n e s s  o f  2 0 M N / m 2 fo r  b e d d in g  a n d  s id e  f i l ls ) .
5.3.3.2 Improvement o f constructability of modified shaped bedding
A  f u r t h e r  m o d if ic a t io n  to  th e  s h a p e d  b e d d in g  s y s t e m ,  t e r m e d  the 
controlled shaped bedding  ( S 6 4 5 c ) ,  w h ic h  is  g e n e r a l ly  id e n t ic a l  w it h  
C a s e  S 6 4 5  e x c e p t  f o r  th e  s t if f n e s s  o f th e  v o id  z o n e  a t  th e  in v e r t  a re a ,  
i s  in t r o d u c e d  in  F i g u r e s  5 . 1 9 ,  5 .2 0  a n d  5 .2 1 .  U n l ik e  th e  c o n s t r u c t io n  
m e t h o d s  f o r  th e  c o n v e n t io n a l  s h a p e d  b e d d in g , th e  p r o p e r t ie s  o f  th e  v o id  
z o n e  h a v e  b e e n  s l ig h t ly  a lt e r e d  f o r  b e t t e r  c o n s t r u c t a b il it y  in  th e  f ie ld .  
T h e  v o id  z o n e  a t  th e  in v e r t  f o r  th e  c a s e  o f  S 6 4 5  is  a s s u m e d  to  b e  f il le d  
w it h  s o i l  in  a  d u m p e d  s t a t e  ( 1  M N / m 2 ), a n d  t h a t  o f  a  c o u n t e r p a r t  
( S 6 4 5 c )  is  a s s u m e d  to b e  f il le d  w it h  s o i l  in  a  p o o r ly  c o m p a c t e d  s t a t e  
( 4 0 M N / m 2) c o m p a r e d  to  th e  o u t e r  h a u n c h  z o n e  ( 6 0 M N / m 2) .  H e r e ,  th e  
s m o o th e d  p r e s s u r e  d is t r ib u t io n  a lo n g  th e  lo w e r  h a lf  p o r t io n  o f  th e  p ip e  
i s  a p p a r e n t ly  m o r e  d e s ir a b le  t h a n  tw o  s y m m e t r ic  b u lb s ,  b u t  th e  in d u c e d  
b e n d in g  m o m e n t  is  s l ig h t ly  in c r e a s e d , a s  s h o w n  in  F i g u r e  5 .2 1 ( a ) .  
H o w e v e r ,  th e  lo n g  t e r m  in t e g r it y  o f  th e  b e d d in g  z o n e  is  a n o t h e r  a s p e c t  
b e in g  c o n s id e r e d ; f o r  in s t a n c e ,  a  d u m p e d  s o il  w it h  v e r y  lo w e r  s t if f n e s s  
(o r  a n  a b s o lu t e ly  v o id )  c o u ld  b e , a c c o r d in g  to  a  p o in t  o f  v ie w , a  c h a n n e l  
f o r  s e e p a g e  f lo w . H i g h l y  c o n c e n t r a t e d  p r e s s u r e  u n d e r  th e  b o t t o m  o f  th e  
p ip e  is  t h e n  l ik e ly  to h a p p e n , r e s u lt in g  f r o m  e r o s io n  o f th e  s u p p o r t  a r e a  
b y  f lo w in g  w a t e r .
F i g u r e  5 . 2 1 ( b )  i l lu s t r a t e s  th e  r e la t io n s h ip  b e t w e e n  b e n d in g  m o m e n t s  
( g e n e r a t e d  a t  p ip e  in v e r t ,  s p r in g l in e  a n d  c r o w n )  a n d  th e  s t if f n e s s  o f  
lo o s e  s o il  a t  th e  in v e r t .  I t  is  n o t a b le  t h a t  th e  a b s o lu t e ly  lo o s e n e d  o r  v o id
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a t  th e  p ip e  in v e r t  r e g io n  ( S 6 4 5 )  p r o v id e s  a  b e n e f it  in  th e  s t r u c t u r a l  
d e s ig n  u n d e r  th e  n o r m a l  c o n d it io n s . I n  c o n t r a s t ,  f u l l  c o n t a c t  b e d d in g  
( S 6 4 5 c )  w h e r e  th e  s t if f n e s s  o f  th e  in v e r t  r e g io n  is  th e  s a m e  a s  th e  
s u p p o r t  in  th e  h a u n c h e s  ( i.e . 6 0  M N / m 2 in  t h is  c a s e )  c a u s e s  h ig h e r  
b e n d in g  m o m e n t s  a t  th e  in v e r t .  F o r  th e  c a s e  S 6 4 5 c ,  w h e n  th e  s o il  
s t if f n e s s  in  th e  in v e r t  r e g io n  is  b e t w e e n  40 M N / m 2 a n d  6 0  M N / m 2, no  
f u r t h e r  c h a n g e  in  b e n d in g  m o m e n t  is  o b s e r v e d  ( F i g u r e  5 .2 1 ( b ) ) .  A s  
s h o w n  in  F i g u r e  5 .2 1 ( b ) ,  th e  lo c a t io n  o f  m a x im u m  b e n d in g  m o m e n t  
g o v e r n in g  th e  d e s ig n  is  v a r ia b le .  T h e  m a x im u m  b e n d in g  m o m e n t  o c c u r s  
a t  p ip e  s p r in g  l in e  f o r  s o i l  s t if f n e s s  v a lu e s  u p  to th e  t h a t  lo o s e  s o il  
( a r o u n d  2 0  M N / m 2 ). O n c e  th e  s o il  s t if f n e s s  in  th e  in v e r t  r e g io n  e x c e e d s  
2 0  M N / m 2 , th e n  th e  m a x im u m  b e n d in g  m o m e n t  o c c u r s  a t  th e  p ip e  
in v e r t .
T h e  in f lu e n c e  o f  m a t e r ia l  s t if f n e s s  a n d  b e d d in g  c o n d it io n  o n  th e  d e s ig n  
a r e  h e r e w it h  s u m m a r is e d :
♦  T h e  s u p p o r t in g  s y s t e m  g r e a t ly  in f lu e n c e s  th e  m a x im u m  d e s ig n  
b e n d in g  m o m e n t  a n d  a  l in e a r  r e la t io n s h ip  e x is t s  b e t w e e n  b e n d in g  
m o m e n t  a n d  s t if f n e s s  o f  th e  s id e  f i l l  u p  to  6 0 M N /m 2 ( F ig u r e  
5 . 1 2 ) .  F u r t h e r  in c r e a s e  o f  th e  s t if f n e s s  th e n  a p p e a r s  to g iv e  a  
n o n - l i n e a r  r e s p o n s e . In  F i g u r e  5 . 1 2 ,  it  c a n  b e  s e e n  th a t, w h e n  
th e  s u r r o u n d in g  s o il  b e c o m e s  s t if f e r  t h a n  9 0 M N / m 2 , th e  in c r e a s e  
o f b e n d in g  m o m e n t  is  le s s  s ig n if ic a n t .
♦  A  d e c r e a s e  in  b e n d in g  m o m e n t  a t  th e  in v e r t  c a n  b e  p r o m o te d
b y  s h if t in g  th e  s u p p o r t in g  a r e a  to th e  h a u n c h  z o n e  ( M o d if ie d  
s h a p e d  b e d d in g  s y s t e m ) .
♦  A s  h a s  b e e n  d e m o n s t r a t e d  in  F i g u r e  5 . 1 2 ,  th e  m a g n it u d e  o f  
b e n d in g  m o m e n t s  fo r  th e  in s t a l la t io n  c o n d it io n s  S 6 4 5 , S 7 4 5 ,  S 6 1 5  
a n d  S 7 1 5  a re  s ig n if ic a n t ly  b e lo w  th e  c u r v e  fo r  S 4 X 5  r e p r e s e n t in g  
th e  f u l l  c o n t a c t  b e d d in g  c o n d it io n . M o r e o v e r , th e  b e d d in g  
c o n d it io n s  f o r  S 8 4 5  a n d  S 8 1 5  ( w h ic h  is  th e  w o r s t  c a s e  f o r  th e  
m o d if ie d  s h a p e d  b e d d in g )  s t i l l  p r o v id e  a  s i m ila r  e f fe c t  to th e  f u ll  
c o n t a c t  b e d d in g  c o n d it io n  ( S 4 X 5 ) .
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T h e  m a x im u m  b e d d in g  a n g le  ( 1 8 0 °  ) c a n  b e  a c h ie v e d  in  p r a c t ic e  in  th e  
f ie ld , a lt h o u g h  i t  i s  n o t  a  s im p le  m a t te r . T h i s  d e s ig n  d e ta il  c a n n o t  b e  
s t u d ie d  w it h  a n a ly t ic a l  m e th o d s , b u t  th e  f in ite  e le m e n t  m e th o d  h a s  b e e n  
s h o w n  to p r o v id e  u s e f u l  in s ig h t s  in to  t h is  im p o r t a n t  p r a c t ic a l  
e n g in e e r in g  p r o b le m .
5.3.4 Flexural rigidity of pipe w all
T h i s  s e c t io n  d e a ls  w it h  th e  in f lu e n c e  o f  th e  w a l l  s t if f n e s s  o n  it s  
b e n d in g  m o m e n t . H e r e ,  th e  r a n g e  o f th e  w a l l  s t if f n e s s  is  a s s u m e d  to b e  
b e t w e e n  2 2 G N / m 2 fo r  th e  f le x ib le  s t a t e  a n d  6 0 0 G N / m 2 fo r  id e a l ly  p e r f e c t  
r i g i d  s ta te , f o r  c o m p a r is o n  p u r p o s e s , a n d  tw o  d if f e r e n t  s o i l  s t if f n e s s e s  
w il l  b e  e m p lo y e d , 2 0 M N / m 2 fo r  th e  lo o s e  s t a t e  a n d  6 0 M N / m 2 f o r  th e  
r e la t iv e ly  d e n s e  s ta te .
F i g u r e  5 .2 2  i l lu s t r a t e s  th e  r e la t io n s h ip  b e t w e e n  th e  s t if f n e s s  a n d  th e  
d e f o r m a t io n  o f th e  p ip e  fo r  v a r io u s  b e d d in g  c o n d it io n s , p lo t t in g  th e  
r e s u lt s  s u b je c t e d  to  th e  b e d d in g  c o n d it io n s  1  a n d  4 a s  a n  u p p e r  a n d  
lo w e r  b o u n d , r e s p e c t iv e ly .  T h e  r e s u lt s  f o r  th e  b e d d in g  c o n d it io n s  2  a n d  
3  w e r e  c o n f ir m e d  to  b e  s o m e w h e r e  b e t w e e n  tw o  c u r v e s  f o r  th e  b e d d in g  
c o n d it io n s  1  a n d  4. T y p i c a l  n o n - l i n e a r  r e s p o n s e  f o r  a  g iv e n  lo a d in g  
c o n d it io n  is  o b s e r v e d , in d ic a t in g  a  s t if f  c u r v e  a t  th e  b e g in n in g ,  
b e c o m in g  m o r e  f le x ib le . G e n e r a l ly ,  th e  b u r ie d  p ip e  in  a  s t if f  s o i l  d e f o r m s  
le s s  t h a n  t h a t  in  a  lo o s e  s o il.  A  p o o r  b e d d in g  c a u s e s  a  s e v e r e  
d e f o r m a t io n  o f th e  p ip e , w h ile  a  g o o d  b e d d in g  c o n s t r a in s  th e  p ip e  n o t  to  
b e  s e v e r e ly  d e fo r m e d . T h e  e f fe c t  o f  a  g o o d  b e d d in g  c o n d it io n  w it h  a  
lo w e r  s t if f n e s s  o f  s id e  f i l l  is  le s s  t h a n  t h a t  o f  a  p o o r  c o n d it io n  w it h  a  
h ig h e r  s t if f n e s s  o f  s id e  f il l .  I t  c a n  b e  s e e n  t h a t  th e  p ip e  d e f o r m a t io n  is  
la r g e ly  d e p e n d e n t  o n  it s  o w n  s t if f n e s s ;  fo r  in s t a n c e ,  ( i)  w h e n  th e  
s t if f n e s s  o f  th e  w a l l  i s  o v e r  1 3 2 G N / m 2 , n o t  o n ly  d o e s  th e  t y p e  o f  
b e d d in g  h a v e  a lm o s t  n o  e f f e c t  o n  it s  d e fo r m a tio n , b u t  a ls o  th e  in f lu e n c e  
o f  th e  s t if f n e s s  o f  b a c k f i l l  is  m in im a l,  a n d  ( ii)  f u r t h e r  in c r e a s e  o f  w a l l  
s t if f n e s s  ( l ik e ly  to  b e  a  p e r f e c t ly  r i g i d  s t a t e )  a p p e a r s  in s ig n if ic a n t .
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F i g u r e  5 .2 3  i l lu s t r a t e s  th e  r e s u lt in g  b e n d in g  m o m e n t  a s  a  f u n c t io n  o f  
th e  w a l l  s t if f n e s s ,  th e  b e d d in g  t y p e  a n d  th e  s o il  s t if f n e s s .  T h e  f o u r  
c u r v e s  w it h  h o llo w  c ir c le s  c o r r e s p o n d  to th e  p ip e  b u r ie d  in  th e  
r e la t iv e ly  lo w  s t if f n e s s  s o i l  ( 2 0 M N / m 2 ), a n d  th e  o t h e r  f o u r  c u r v e s  w it h  
s o l id  c ir c le s  in  r e la t iv e ly  h ig h  s t if f n e s s  s o i l  ( 6 0 M N / m 2 ). T h e  im p o r t a n c e  
o f th e  s t if f n e s s  o f  th e  b a c k f i l l  i s  a g a in  s u b s t a n t ia t e d ,  b e c a u s e  th e  
m a x im u m  b e n d in g  m o m e n t  a t  th e  in v e r t  is  g r e a t ly  r e d u c e d  b y  
e m p lo y in g  a  h ig h  s t if f n e s s  f il l.  T h e  r e la t io n s h ip  b e t w e e n  S 2 1  a n d  S 4 1  is  
o n c e  m o r e  r e p e a t e d  in  t h is  f ig u r e  (c o m p a r e  w it h  F i g u r e  5 . 1 0 .) .  T h e  
r e s u lt in g  b e n d in g  m o m e n t s  f o r  b o th  c a s e s  a re  a lm o s t  id e n t ic a l  to e a c h  
o th e r, r e g a r d le s s  o f  th e  p ip e  w a l l  s t if f n e s s .  U s in g  a n  e x t r a o r d in a r ily  
h ig h  s t if f n e s s  f o r  th e  p ip e  w a ll ,  n o  v i s u a l  v a r ia t io n  in  b e n d in g  m o m e n t  
c a n  b e  fo u n d , ir r e s p e c t iv e  o f  th e  b e d d in g  c o n d it io n  a n d  th e  w a l l  
s t if f n e s s .  F r o m  t h is ,  it  a p p e a r s  t h a t  th e  c o n v e n t io n a l  d e s ig n  m e th o d  
s e e m s  to b e  b a s e d  o n  th e  m a x im u m  b e n d in g  m o m e n t  g e n e r a t e d  a t  th e  
p e r f e c t ly  r i g i d  s t a t e , a s s u m in g  t h a t  a  p la n e  c r o s s - s e c t i o n  r e m a in s  p la n e  
u n d e r  lo a d . A c c o r d i n g ly ,  th e  d e s ig n  v a lu e  o f b e n d in g  m o m e n t  in  
c o n v e n t io n a l  e n g in e e r in g  p r a c t ic e  is  c lo s e  to th e  v a lu e  e x is t in g  a t  th e  
p e r f e c t ly  r i g i d  s t a t e  o f  th e  p ip e  w a l l  ( s u c h  a s  o v e r  6 0 0 G N / m 2 in  F i g u r e  
5 .2 3 ) .  T h i s  th e r e fo r e  o v e r e s t im a t e s  b e n d in g  m o m e n t  b y  a t  le a s t  2 5 %  
c o m p a r e d  w it h  th e  r e a l  p r o p e r t ie s  o f  th e  p ip e , e s p e c ia l ly  f o r  p o o r  
b e d d in g  c o n d it io n , a n d  in  s o m e  c a s e s  it  e x c e e d s  a lm o s t  10 0 % .
I n  c o n c lu s io n ,  it  i s  r a r e ly  p o s s ib le  to p r e d ic t  th e  c o m p lic a t e d  
b e h a v io u r  o f  a  b u r ie d  p ip e  u s in g  a n a ly t ic a l  d e s ig n  m e th o d s . A lt h o u g h  a  
n e w  a p p r o a c h  f o r  th e  p r e s t r e s s e d  c o n c r e t e  p r e s s u r e  p ip e  h a s  b e e n  
d e v e lo p e d  b y  A m e r ic a n  W a t e r  W o r k s  A s s o c ia t io n  ( A W W A  C 3 0 4 - 9 2 )  
w h ic h  a d o p ts  th e  l im it  s t a t e  d e s ig n  c o n c e p t  ( B S  8 1 1 0 ) ,  n o  d if f e r e n c e  
f r o m  th e  c u r r e n t  d e s ig n  m e th o d  ( A W W A  C 3 0 1 - 8 9 )  c a n  g e n e r a l ly  b e  
f o u n d .
-  173 -
5.4 E arth  Cover, W ater P ressu re  and P restress in g  Force
T h i s  s e c t io n  e x a m in e s  th e  m o s t  im p o r t a n t  f a c t o r s  in  th e  s o i l -p i p e  
in t e r a c t io n  p r o b le m  w h ic h  c u r r e n t  d e s ig n  m e th o d s  ig n o r e . T h r o u g h o u t  
th e  p r e v io u s  s t u d ie s ,  it  c o u ld  b e  r e c o g n is e d  t h a t  th e  b e h a v io u r  o f  th e  
b u r ie d  p ip e  v a r i e s  w it h  th e  c o n s t r u c t io n  s e q u e n c e  a n d  m e th o d . H o w e v e r ,  
it  is  n o t  e a s y  to a n t ic ip a t e  th e  in f lu e n c e  o f  th e  in t e r n a l  w a t e r  p r e s s u r e  
a n d  p r e s t r e s s in g  f o r c e , t o g e t h e r  w it h  th e  r e a c t io n  o f  s u r r o u n d in g  s o ils  
a s s o c ia t e d  w it h  th e  c o n t in u it y  in  th e  m a t e r ia l  o f th e  f o u n d a t io n . H e r e ,  
a ll  th e  a b o v e  f a c t o r s  w i l l  b e  c la r if ie d  b y  m e a n s  o f  f in it e  e le m e n t  
a n a l y s is  o f b o t h  g e n e r a l  a n d  s p e c if ic  c a s e s .
P r e s t r e s s e d  c o n c r e t e  p ip e  m a k e s  h ig h ly  e f f ic ie n t  u s e  o f  s te e l. T h e  
p r e s t r e s s in g  w ir e  is  h e l ic a l ly  w r a p p e d  a r o u n d  th e  c o n c r e t e  c o r e  u n d e r  
c o n t r o lle d  t e n s io n . T h i s  p r o c e s s  p r o d u c e s  a  u n if o r m  c o m p r e s s iv e  s t r e s s  
in  th e  c o n c r e t e  c o r e  ( a n d  th e  s t e e l c y l in d e r  e m b e d d e d  in  th e  c o n c r e t e  
c o re ). T h i s  c o m p r e s s iv e  s t r e s s  i s  a s s u m e d  to o ff s e t  th e  t e n s ile  s t r e s s e s  
c a u s e d  b y  in t e r n a l  w a t e r  p r e s s u r e  a n d  e x t e r n a l  e a r t h  lo a d s . T h e  
d e c o m p r e s s io n  o r  z e ro  c o n c r e t e  s t r e s s  p r e s s u r e ,  P 0 ( w h ic h  o c c u r s  w h e n  
in t e r n a l  w a t e r  p r e s s u r e  j u s t  b a la n c e s  th e  c o m p r e s s io n  s t r e s s  in  th e  c o r e  
d u e  to th e  p r e s t r e s s in g )  is  th e  m o s t  im p o r t a n t  s t r e s s  c o n d it io n . T h e  
s t a t e  o f s t r e s s  in  th e  c o n c r e t e  c o r e  m u s t  b e  k e p t  w it h in  th e  a llo w a b le  
t e n s ile  s t r e n g t h  (o r  m o d u lu s  o f  r u p t u r e )  t h r o u g h o u t  th e  s e r v ic e  l if e  o f  
th e  p ip e  in  o r d e r  to  p r e v e n t  t e n s io n  c r a c k s .
T h e  s t u d y  w il l  c o n c e n t r a t e  o n  in v e s t ig a t io n  o f  th e  v a r ia t io n  o f  th e  
b e n d in g  m o m e n t  in  th e  p ip e  w a l l  a n d , in  th e  c a s e  o f  p r e s t r e s s e d  
c o n c r e t e  p ip e , th e  b e n d in g  s t r e s s e s  in  th e  p ip e  w a ll,  d u e  to :
(i)  th e  in c r e a s e  o f th e  e a r t h  c o v e r  u p  to 3 6  m e t r e s
( ii)  a p p lic a t io n  o f  in t e r n a l  w a t e r  p r e s s u r e  d u r in g  w a t e r  
t r a n s m is s io n
( ii i)  th e  e f fe c t  o f  p r e s t r e s s in g .
T h e  c o m b in a t io n  o f in t e r n a l  a n d  e x t e r n a l  lo a d s  is  a ls o  c o n s id e r e d  u n d e r  
th e  v a r io u s  e x p e c t e d  s it e  c o n d it io n s .
5.4.1 A rching following increase of earth  cover
W it h  in c r e a s in g  e a r t h  c o v e r  o v e r  th e  to p  o f th e  p ip e , m a n y  p a r a m e t e r s  
w il l  b e  c h a n g e d , n a m e ly  ( i)  th e  p r o p e r t ie s  o f  th e  s o il  a r o u n d  th e  p ip e  a s  
a  f u n c t io n  o f  c o n f in in g  s t r e s s  d is c u s s e d  in  S e c t io n  4 .2  a n d  ( ii)  th e  e a rth  
p r e s s u r e s  a r o u n d  th e  p ip e . T h e  m a in  in p u t  m a t e r ia l  p r o p e r t ie s  fo r  
b a c k f i l l  z o n e s  s h o w n  in  F i g u r e  5 .2  a r e  d e s c r ib e d  in  T a b l e  5 .3 .  F o r  t h is  
a n a ly s is  th e  b e d d in g  c o n d it io n  is  s l ig h t ly  m o d if ie d  fr o m  S e r ie s  S 7 X X  
s h o w n  in  F i g u r e  5 .2 , w h e r e  th e  lo o s e n e d  s o i l  n e a r  th e  e x t r e m it ie s  of  
b e d d in g  (h , i  a n d  j )  is  c o n s id e r e d  a s  a  d e n s e  s t a t e  id e n t ic a l  to th e  
a d ja c e n t  b a c k f i l l in g  z o n e  ( Z o n e  1  o r  Z o n e  2 ).
5 . 4 . 1 . 1  I n c r e a s e  o f  e a r t h  c o v e r
F i g u r e  5 .2 4  p r e s e n t s  th e  r e la t io n s h ip  b e t w e e n  b e n d in g  m o m e n t  a n d  e a r th  
c o v e r . I n  t h is  a n a ly s is ,  th e  p r o p e r t ie s  o f th e  s u r r o u n d in g  s o i l  v a r y  
a c c o r d in g  to  th e  e a r t h  c o v e r .  T h i s  i s  d e n o te d  C 7 v X - X X  in  th e  c o d in g  
s y s t e m . T h e  p ip e  w a l l  s t if f n e s s e s  w e r e  c h o s e n  to b e  4 4  G P a ,  88 G P a  
a n d  1 3 2  G P a .  S im i l a r  to th e  p r e v io u s  a n a ly s e s ,  th e  h ig h e r  w a l l  s t if f n e s s  
g e n e r a l ly  in d ic a t e s  h ig h e r  b e n d in g  m o m e n t  fo r  a  g iv e n  e a r t h  c o v e r .  
W it h  in c r e a s in g  e a r t h  c o v e r  th e  r e s u lt in g  b e n d in g  m o m e n t  in c r e a s e s ,  b u t  
th e  in c r e m e n t a l  r a t e  d e c r e a s e s .  I n  d e t a il  "A" o f  F i g u r e  5 .2 4 , i t  c a n  b e  
s e e n  t h a t  f o r  th e  m o d if ie d  s h a p e d  b e d d in g  th e  m a x im u m  b e n d in g  
m o m e n t  a lw a y s  o c c u r s  a t  th e  s p r in g  lin e , r e g a r d le s s  o f th e  in c r e a s e  o f  
th e  e a r t h  c o v e r .  B e n d in g  m o m e n t  a t  th e  s p r in g l in e  o f th e  p ip e  w it h  a  
h ig h e r  s t if f n e s s  in c r e a s e s  l in e a r ly  w it h  in c r e a s in g  * . d e p th  o f  e a r t h  
c o v e r , w h ile  t h a t  f o r  th e  p ip e  w it h  a  lo w e r  s t if f n e s s  t e n d s  to y ie ld  d u e  
to th e  r e la t iv e ly  la r g e  d e fo r m a t io n  o f  th e  p ip e .
F i g u r e  5 .2 5  i l lu s t r a t e s  a n  im p o r t a n t  a s p e c t  o f  b e h a v io u r  o f  th e  
s u r r o u n d in g  s o il,  w h ic h  e x p la in s  w h y  th e  r a t e  o f  in c r e a s e  in  b e n d in g  
m o m e n t  d im in is h e s  f o llo w in g  th e  in c r e a s e  o f  e a r th  c o v e r . T h e  e f f e c t iv e  
s t r e s s e s  o f  th e  s o il  a r e  p lo tte d  a s  a  f u n c t io n  o f  th e  h e ig h t  o f  e a r t h  
c o v e r . T h e  d a t a  w e r e  c o lle c t e d  f r o m  th e  s o i ls  in  th e  v i c i n i t y  o f  p ip e  
c r o w n , s p r in g l in e  a n d  s u p p o r t .
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♦  T h e  c u r v e s  f o r  p ip e  c r o w n  a n d  s u p p o r t  h a v e  a  s i m i la r  p a t t e r n  to  
e a c h  o th e r , s h o w in g  n o n - l i n e a r  b e h a v io u r ,  b u t  th e  s lo p e  o f  c u r v e  
a t  th e  s u p p o r t  i s  in v a r ia b ly  g r e a t e r  t h a n  t h a t  f o r  th e  c r o w n .
♦  A s  c a n  b e  s e e n , th e r e  e x is t s  a n  a r c h in g  e f f e c t  ( r e d u c e d  
o v e r b u r d e n  p r e s s u r e )  e v e n  in  th e  e m b a n k m e n t  in s t a l la t io n  
c o n d it io n , w h ic h  i s  c o m p a r e d  w it h  th e  g e o s t a t ic  s t r e s s  c u r v e  a t  
th e  p ip e  c r o w n . T h e  t r e n d  o f  a r c h in g  in d ic a t e s  t h a t  th e  v e r t ic a l  
s t r e s s  in d u c e d  a t  th e  c r o w n  f o r  lo w  e a r t h  c o v e r  is  a b o v e  th e  
g e o s t a t ic  p r e s s u r e  d u e  to th e  in v e r t e d  a r c h in g  e ffe c t , h o w e v e r  
w it h  in c r e a s in g  d e p th  o f  e a r t h  c o v e r  th e  in d u c e d  p r e s s u r e  o n  th e  
p ip e  c r o w n  t e n d s  to b e  le s s  t h a n  th e  g e o s t a t ic  p r e s s u r e .
♦  O n  th e  o t h e r  h a n d , th e  c u r v e  f o r  th e  s p r in g l in e  b e g in s  w it h  a  
lo w e r  s lo p e  t h a n  th e  o th e r, h o w e v e r , it  m a in t a in s  th e  c o n s t a n t  
r a t e  o f  in c r e a s e  o f  s t r e s s  ( c o r r e s p o n d in g  to la t e r a l  e a r th  
p r e s s u r e )  w it h  in c r e a s e  o f  th e  h e ig h t  o f  e a r t h  c o v e r .  ( E v e n t u a l ly ,  
th e  h o r iz o n t a l  s t r e s s  a t  a n  e x t r e m e ly  g r e a t  d e p th  w i l l  b e  g r e a t e r  
t h a n  th e  v e r t ic a l  s t r e s s .)  T h i s  r e s u lt s  in  a  r e d u c t io n  o f  th e  p e a k  
b e n d in g  m o m e n t  a t  th e  c r o w n .
F i g u r e  5 .2 6  d e m o n s t r a t e s  t h a t  th e  d e p th  o f e a r t h  c o v e r  a f f e c t s  th e  
m a g n it u d e  o f  th e  r a d ia l  e a r t h  p r e s s u r e s .  F r o m  t h is ,  it  c a n  b e  s e e n  th a t  
th e  r a t e  o f  in c r e a s e  o f  r a d ia l  e a r t h  p r e s s u r e  a r o u n d  th e  s p r in g l in e  is  
q u ite  d if f e r e n t  to t h a t  a t  o t h e r  p la c e s ,  c a u s in g  th e  s lo p e  o f  th e  b e n d in g  
m o m e n t  c u r v e  to d e c r e a s e  ( F i g u r e  5 .2 4 ) . F o r  t h is  r e a s o n , th e  f le x u r a l  
s t r e s s e s  o f  th e  p ip e  w a l l  b u r ie d  a t  a  d e p th  o f  3 6 m  a r e  g e n e r a l ly  le s s  
t h a n  t h o s e  a t  1 8  m  ( F i g u r e  5 .2 7 ) ,  a n d  th e  m a x im u m  b e n d in g  m o m e n t  
f o r  3 6  m  c o v e r  d e p th  is ,  a s  a  r e s u lt ,  a ls o  le s s  t h a n  t h a t  o f  1 8 m  c o v e r  
d e p th  a t  th e  c r o w n  ( F i g u r e  5 .2 8 ) .
5.4.1.2 Application of internal w ater pressure
Figures 5.29, 5.30 and 5.31 present the results obtained from the
in d iv id u a l  a n a ly s is  a n d  p r o v id e  p r e l im in a r y  in f o r m a t io n  o n  th e  v a r ia t io n  
o f  b e n d in g  m o m e n t  w h e n  th e  in t e r n a l  w a t e r  p r e s s u r e  i s  a p p lie d  to th e  
in n e r  s u r f a c e  o f  n o n -p r e s t r e s s e d  p ip e . T h e  r e s u lt s  im p ly  t h a t , d u r in g  
w a t e r  t r a n s m is s io n ,  b e n d in g  m o m e n t  in c r e a s e s  g e n e r a l ly  a t  b o th  th e  
s u p p o r t  a n d  th e  c r o w n , b u t  it  is  s t a t io n a r y  (o r  e v e n  d e c r e a s e s  s l ig h t ly )  
a t  th e  s p r in g l in e .  W it h  r e f e r e n c e  to  th e  m a g n if ie d  d ia g r a m  e x t r a c t s  in  
F i g u r e s  5 .2 9 , 5 .3 0  a n d  5 . 3 1 ,  th e  t r a n s it io n  d e p th  o f e a r th  c o v e r  a t  w h ic h  
th e  d e s ig n  b e n d in g  m o m e n t  m o v e s  to th e  to p  f r o m  th e  s u p p o r t  is  
g e n e r a l ly  le s s  t h a n  2 .0  m . C o m p a r in g  th e  c u r v e s  f o r  th e  c a s e  o f  a p p lie d  
e a r t h  p r e s s u r e  o n ly  a n d  th e  c a s e  o f c o m b in e d  e a r th  p r e s s u r e  a n d  
in t e r n a l  w a t e r  p r e s s u r e ,  i t  i s  c o n f ir m e d  t h a t  th e  in t e r n a l  w a t e r  p r e s s u r e  
r e s u lt s  in  a n  in c r e a s e  o f  b e n d in g  m o m e n t, th e r e fo r e  th e  m a x im u m  
b e n d in g  m o m e n t  f o r  th e  c a s e  w it h  in t e r n a l  w a t e r  p r e s s u r e  is  a lw a y s  
g r e a t e r  t h a n  t h a t  w it h  e x t e r n a l  lo a d  o n ly . T h e  d e g r e e  o f  in c r e a s e  in  
b e n d in g  m o m e n t  d u e  to  th e  in t e r n a l  w a t e r  p r e s s u r e  is  m o r e  s u s c e p t ib le  
in  th e  c a s e  o f  s t if f e r  p ip e , c o m p a r e d  w it h  r e la t iv e ly  f le x ib le  p ip e .
F i g u r e  5 .3 2  e x a m in e s  th e  c h a n g e s  in  th e  v e r t ic a l  a n d  h o r iz o n t a l  
d ia m e t e r s  o f  th e  p ip e  d u r in g  b a c k f i l l in g  a s  a  f u n c t io n  o f  th e  w a l l  
s t if f n e s s .  A  g e n e r a l  t e n d e n c y  i s  t h a t  th e  d e g r e e s  o f  c h a n g e  in  p ip e  
d ia m e t e r  in  th e  v e r t ic a l  a n d  h o r iz o n t a l  d ir e c t io n s  a re  a lm o s t  e q u a l u n d e r  
lo w  e a r t h  c o v e r . W it h  in c r e a s in g  c o v e r  d e p th , th e  c h a n g e  o f  v e r t ic a l  
d ia m e t e r  t e n d s  to b e  s l ig h t ly  la r g e r  t h a n  th e  in c r e a s e  o f  h o r iz o n t a l  
d ia m e t e r . I t  i s  in t e r e s t in g  t h a t  a t  e x t r e m e ly  h ig h  c o v e r  d e p th s  th e  
v e r t ic a l  d ia m e t e r  in c r e a s e s  w it h  a  d e c r e a s e  o f  th e  h o r iz o n t a l  d ia m e t e r .  
T h i s  b e h a v io u r  c a n  b e  e x p la in e d  b y  F i g u r e  5 .2 5 , w h e r e  th e  la t e r a l  e a r th  
p r e s s u r e  c o n s is t e n t ly  in c r e a s e s  w it h  th e  in c r e a s e  o f  e a r t h  c o v e r .
F i g u r e  5 .3 3  is  a  g r a p h ic a l  r e p r e s e n t a t io n  o f d ia m e t e r  c h a n g e s  in  v e r t ic a l  
a n d  h o r iz o n t a l  d ir e c t io n s  f o llo w in g  th e  a p p lic a t io n  o f e a r t h  lo a d  w it h  o r  
w it h o u t  in t e r n a l  w a t e r  p r e s s u r e .  H e r e ,  a n  in t e r n a l  w a t e r  p r e s s u r e  o f  1 0  
b a r  r e s u lt e d  in  th e  p ip e  d ia m e t e r  in c r e a s in g  b y  a r o u n d  0 .5  m m  in  th e  
v e r t ic a l  d ir e c t io n  a n d  a t  a r o u n d  1 .0  m m  in  th e  h o r iz o n t a l  d ir e c t io n . N o  
s p e c if ic  d if f e r e n c e s  in  th e  t r e n d  o f  th e  d e fo r m a tio n  c a n  b e  fo u n d  
b e t w e e n  the three d ifferent s t iffn e ss  of so ils . It  is  e v id e n t that the in t e r n a l  
w a t e r  p r e s s u r e  c a u s e s  th e  p ip e  to b e  e x p a n d e d  o u t w a r d , a n d  th e
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pre-deformed shape due to the earth loads is slightly recovered.
R e g a r d in g  th e  a b o v e  s it u a t io n ,  th e  f o llo w in g  q u e s t io n  a r is e s :
♦  I s  th e  c u r r e n t  d e s ig n  p r a c t ic e  v a l id  w h e n  it  a s s u m e s  t h a t  n o  
c h a n g e s  in  b e n d in g  m o m e n t  t h r o u g h  th e  p ip e  w a l l  t a k e  p la c e  
d u r in g  w a t e r  t r a n s m is s io n ,  s in c e  th e  h o o p  s t r e s s  p r o d u c e s  a  
u n if o r m  r e c t a n g u la r  s h a p e d  t e n s ile  s t r e s s  in  th e  c r o s s - s e c t i o n  o f  
th e  w a l l .  T h i s  t h e o r y  is  b a s e d  o n  th e  a s s u m p t io n  th a t ; th e  
in t e r n a l  w a t e r  p r e s s u r e  c a u s e s  th e  w a l l  to b e  e x p a n d e d  o u t w a r d  
e q u a lly  a n d  th e  r ig i d i t y  o f  th e  w a l l  is  c o n s id e r a b ly  h ig h e r  t h a n  
th e  s u r r o u n d in g  s o ils .
T o  p u t  it  m o r e  s im p ly ,  th e  a b o v e  a s s u m p t io n  is  b a s e d  o n  th e  f o llo w in g  
h y p o t h e s is ;
♦  T h e  r e s u lt a n t  s t r e s s e s  a t  th e  e x t r e m it ie s  o f  th e  c o re  a re  d e f in e d  
a s  th e  s u m  o f th e  c o m p r e s s iv e  s t r e s s  p r o d u c e d  b y  p r e s t r e s s in g ,  
f le x u r a l  s t r e s s e s  in c u r r e d  b y  e a r t h  lo a d  a n d  t e n s ile  s t r e s s  d u e  to 
th e  in t e r n a l  w a t e r  p r e s s u r e .  T h e  e x is t in g  t e n s ile  s t r e s s e s  in  th e  
in n e r  f ib r e s  a t  th e  b o tto m  a n d  c r o w n  o f  th e  p ip e  a n d  o u t e r  f ib r e  
a t  th e  s p r in g l in e  ( - )  d u e  to  th e  e x t e r n a l  lo a d  in c r e a s in g  b y  a  
s u p e r im p o s e d  t e n s ile  s t r e s s  ( - )  d u e  to th e  h o o p  s t r e s s  in d u c e d  
b y  th e  in t e r n a l  w a t e r  p r e s s u r e .
T h e  v e r if ic a t io n  o f  th e  c u r r e n t  d e s ig n  p r a c t ic e  w it h  th e  d if f e r e n c e  in  th e  
b e h a v io u r s  o f  n o n -p r e s t r e s s e d  a n d  p r e s t r e s s e d  r ig id  p ip e  w i l l  b e  
d is c u s s e d  in  m o r e  d e t a il  in  s u b s e q u e n t  c h a p t e r s .
5.4.2 Continuity o f surrounding so ils in working condition
C u r r e n t  d e s ig n  m e t h o d s  f o r  p r e s t r e s s e d  c o n c r e t e  p ip e  f o r  d e t e r m in in g  
th e  e a r t h  p r e s s u r e s  g e n e r a t e d  a r o u n d  th e  p ip e  a re  u s u a l l y  b a s e d  o n  th e  
M a r s t o n - S p a n g l e r  t h e o r y , w h e r e  th e  r ig i d i t y  o f  th e  p ip e  is  a s s u m e d  to  
b e  c o n s id e r a b ly  g r e a t e r  t h a n  t h a t  o f  th e  s u r r o u n d in g  s o il.  W h e n
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c o n s id e r in g  s o i l - s t r u c t u r e  in t e r a c t io n  a r o u n d  la r g e  d ia m e t e r  c o n c r e t e  
p ip e , th e  c u r r e n t  p r o c e d u r e  s e e m s  to  b e  v e r y  c r u d e .
A n  u n d e r s t a n d in g  o f  th e  r e a l  b e h a v io u r  o f  b u r ie d  p ip e  is  n o t  e a s y  to 
a c h ie v e ,  s in c e  th e  f le x u r a l  r i g id it y  o f th e  p ip e  w a l l  o r  th e  e la s t ic i t y  o f  
th e  f o u n d a t io n  i s  v a r ia b le .  I n  o t h e r  w o r d s ,  th e  r e la t iv e  f le x u r a l  r i g id it y  
o f th e  p ip e  w a l l  a n d  s u r r o u n d in g  s o i ls  is  v a r ia b le ,  a n d  th e  r e a c t io n  o f  
th e  s u r r o u n d in g  s o ils ,  in c lu d in g  th e  s u b g r a d e , is  t o t a lly  d if f e r e n t  o n  a  
c a s e  b y  c a s e  b a s is .
5.4.2.1 Characteristics of pipe deformation
F i g u r e  5 .3 4  p r e s e n t s  a n  o v e r v ie w  o f th e  p ip e  d is p la c e m e n t  p r o g r e s s io n  
a t  th e  t im e  o f c o m p le t io n  o f  b a c k f i l l in g  (3  m  o f e a r th  c o v e r )  a n d  d u r in g  
th e  w a t e r  t r a n s m is s io n  (10  b a r  a n d  20  b a r  o f  in t e r n a l  w a t e r  p r e s s u r e ) .  
T h e  t o ta l v e r t ic a l  d is p la c e m e n t  o f  th e  p ip e  c o m e s  f r o m  th e  m o v e m e n t  of  
th e  n o d a l p o in t  ( 1 ), a n d  th e  a c t u a l  d e f o r m a t io n  o f  th e  p ip e  in  v e r t ic a l  
d ir e c t io n  is  th e  d if f e r e n c e  b e t w e e n  t w o  t r a n s f o r m e d  n o d a l p o in t s  ( 1 ) a n d  
( 1 7 ) .  T h e  h o r iz o n t a l  d e fo r m a t io n  o f  th e  p ip e  is  c a lc u la t e d  a s  t w ic e  th e  
h o r iz o n t a l  m o v e m e n t  o f  n o d a l p o in t  (9 ), a n d  v e r t ic a l  d is p la c e m e n t  a t  th e  
s p r in g l in e  is  a b o u t  a  h a lf  o f  th e  to ta l d e fo r m a t io n  o f th e  p ip e  in  th e  
v e r t ic a l  d ir e c t io n . A s  s h o w n  in  F i g u r e  5 .3 4 , th e  d is p la c e m e n t  o f  th e  p ip e  
i s  m a in ly  d u e  to th e  e a r t h  lo a d s  o n  th e  to p  o f  th e  p ip e , a n d  th e  
in f lu e n c e  o f  th e  im p o s e d  in t e r n a l  w a t e r  p r e s s u r e  is  r e la t iv e ly  s m a ll .  T h e  
d e t a ils  o f  m o v e m e n t  f o r  e a c h  n o d a l p o in t  a t  th e  c r o w n , in v e r t  a n d  
s p r in g l in e  a re  p r e s e n t e d  in  F i g u r e  5 .3 5 .
F i g u r e  5 .3 6  e x p la in s  th e  p r o g r e s s iv e  d e f o r m a t io n  o f th e  p ip e  u n d e r  th e  
in f lu e n c e  o f c h a n g in g  in t e r n a l  a n d  e x t e r n a l  lo a d s . W it h  w a t e r  f i l l in g  
( W o r k  S t a g e  2 )  th e  p ip e  is  s in k in g ,  a n d  w it h  th e  a p p lic a t io n  o f  in t e r n a l  
w a t e r  p r e s s u r e  th e  w h o le  s e c t io n  o f  w a l l  th e n  t r ie s  to e x p a n d  o u t w a r d s .  
D u r in g  w a t e r  t r a n s m is s io n ,  th e  p r e -d e f o r m e d  s h a p e  a t  th e  in v e r t  
a p p e a r s  to  u n d e r g o  a  m in im a l  r e c o v e r y ,  c o m p a r e d  to th e  p ip e  c r o w n .  
T h e  t r a c e  o f v e r t ic a l  m o v e m e n t  o f  th e  s p r in g l in e  is  a lw a y s  p la c e d  in  
th e  m id d le  o f  th e  c r o w n  a n d  in v e r t ,  s in c e  n o  e x c e s s iv e  d e f le c t io n s  a t
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b o th  to p  a n d  b o tto m  o f th e  p ip e  o c c u r . T h e  h o r iz o n t a l  e x p a n s io n  a t  th e  
s p r in g lin e  m a y  c o n t in u e  u n t i l  th e  p ip e  b u r s t s .
F i g u r e  5 .3 7  d e t a ils  th e  r e la t iv e  m o v e m e n t  o f  th e  n o d a l p o in t s  ( s h o w n  in  
F i g u r e  5 .3 4 )  d u r in g  c o n s t r u c t io n  a n d  s e r v ic e .  H e r e , th e  m o v e m e n t  
r e p r e s e n t s  a n  a c t u a l  d is p la c e m e n t  b e t w e e n  th e  p o in t s  o n  t r u e  c ir c le  a f t e r  
d e f o r m a t io n . A  p o s it iv e  s ig n  im p lie s  o u t w a r d  m o v e m e n t  o f  th e  n o d a l  
p o in t  b a s e d  o n  th e  t r a c e  o f  t r u e  c ir c le ,  w h ile  a  n e g a t iv e  s i g n  im p lie s  
in w a r d . F r o m  t h is  f ig u r e ,  i t  c a n  b e  d e d u c e d  t h a t  th e  in t e r n a l  w a t e r  
p r e s s u r e  in f lu e n c e s  th e  p e a k  b e n d in g  m o m e n t, s in c e  th e  e x t e n t  o f  
d is p la c e m e n t  v a r ie s  w it h  a n g u la r  p o s it io n  o f  e a c h  n o d a l p o in t . T h i s  is  
d u e  to th e  d if f e r e n t  d e f o r m a t io n  c h a r a c t e r is t ic s  o f  th e  s u r r o u n d in g  s o ils .  
T h e  e la s t ic  m o d u lu s  o f  b e d d in g  m a t e r ia l  in  th e  s u p p o r t in g  a r e a  is  
a lw a y s  g r e a t e r  t h a n  th e  o t h e r  p a r t s .  T h u s ,  d u r in g  w a t e r  p r e s s u r e  
lo a d in g , th e  p ip e  w a l l  c o n t a c t in g  th e  s u p p o r t in g  a r e a  w i l l  n o t  b e  
d e fo r m e d  a s  m u c h  a s  th e  o t h e r  p a r t . T h i s  d if f e r e n t ia l d e fo r m a t io n  o f  th e  
p ip e  r e s u lt s  i n  th e  p e a k  b e n d in g  m o m e n t  b e in g  in c r e a s e d .
A s  a  c o n s e q u e n c e , th e  b e n d in g  m o m e n t  g e n e r a t e d  a t  a n y  s e c t io n  o f  th e  
p ip e  w a l l  is ;
♦  h ig h ly  d e p e n d e n t  o n  th e  r e la t iv e  m o v e m e n t  o f  th e  f in it e  s e c t io n  
o f th e  w a l l  c o m p a r e d  to  th e  a d ja c e n t  p a r t s , r e s u lt in g  f r o m  th e  
d if f e r e n t  r e a c t io n  o f th e  s u r r o u n d in g  s o ils .  A lt h o u g h  th e  r ig id it y  
o f p ip e  i s  c o n s id e r a b ly  h ig h e r  t h a n  th e  s u r r o u n d in g  s o i ls ,  th e  
f le x u r a l  s t r e s s e s  g e n e r a t e d  in  th e  e x t r e m it ie s  o f  th e  w a l l  
( e s p e c ia l ly  fo r  la r g e  d ia m e t e r  r i g i d  p ip e ) a re  v e r y  s e n s it iv e  to th e  
v a r ia t io n  in  th e  r e a c t io n s  o f  s u r r o u n d in g  s o ils ,  a n d
♦  in  in v e r s e  p r o p o r t io n  to th e  r a d iu s  o f  c u r v a t u r e ,  R .  I t  c a n  b e  
a s s u m e d  t h a t  th e  r e la t iv e  m o v e m e n t  o f  th e  w a l l  s e c t io n  r e s u lt s  
in  b e n d in g  m o m e n t  b e in g  in c r e a s e d , b a s e d  o n  th e  g e n e r a l  f o r m  
o f th e  e le m e n t a r y  th e o r y  o f  b e n d in g  ( M  =  E I y / R ) .
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5.4.2.2 Reaction of surrounding soils
F i g u r e  5 .3 8  d e m o n s t r a t e s  th e  h y p o t h e s is  d e s c r ib e d  a b o v e , b y  c o m p a r in g  
th e  tw o  r a d ia l  e a r t h  p r e s s u r e  d is t r ib u t io n s  c a u s e d  b y  e a r t h  lo a d  o n ly  
a n d  e a r t h  lo a d  p lu s  in t e r n a l  w a t e r  p r e s s u r e s .  T h e r e  e x is t s  s o m e  
d if f e r e n c e s  in  s u p p o r t in g  p r e s s u r e s ,  w h ile  n o  c h a n g e s  in  th e  e a r th  
p r e s s u r e  im p o s e d  o n  th e  to p  o f  th e  p ip e  c a n  b e  o b s e r v e d . F r o m  t h is ,  it  
c a n  b e  s e e n  t h a t  th e  r e s is t a n c e  n e a r  th e  s u p p o r t  a r e a  i s  r a t h e r  h ig h e r  
t h a n  a t  o t h e r  p a r t s ,  a ff e c t e d  b y  th e  d if f e r e n t  s t if f n e s s  o f  th e  s u r r o u n d in g  
s o ils .  T h e  r e s u lt in g  f le x u r a l  s t r e s s e s  a re  c o m p a r e d  in  F i g u r e  5 .3 9 . T h e  
s t r e s s  v a r ia t io n  in  th e  p ip e  w a l l  d u e  to th e  in t e r n a l  w a t e r  p r e s s u r e  is  
n o t c o n s is t e n t  t h r o u g h  th e  p ip e  w a l l  a s  a s s u m e d  in  th e  c u r r e n t  d e s ig n  
p r a c t ic e ,  a lt h o u g h  th e  o u t w a r d  m o v e m e n t  o f  th e  p ip e  w a l l  is  r e a s o n a b ly  
c o n s is t e n t  a s  h a s  b e e n  s h o w n  in  F i g u r e  5 .3 3 .
T h e  lo w e r  p a r t  o f  F i g u r e  5 .4 0  i l lu s t r a t e s  th e  in f lu e n c e  o f  in t e r n a l  w a t e r  
p r e s s u r e  o n  b e n d in g  m o m e n t . T h e  s in g le  s t r e s s  l in e  o b t a in e d  fr o m  th e  
c l a s s ic a l  a n a l y s is  m e th o d  s u g g e s t s  t h a t  th e r e  is  n o  f u r t h e r  c h a n g e  in  
b e n d in g  m o m e n t . F r o m  n o r m a l in t e r p r e t a t io n  t e c h n iq u e s , th e  d if f e r e n c e  
b e t w e e n  th e  f le x u r a l  s t r e s s e s  g e n e r a t e d  a t  th e  in n e r  a n d  o u t e r  f ib r e s  
r e s u lt s  in  th e  c h a n g e  o f  th e  b e n d in g  m o m e n t. U n l ik e  th e  c o n v e n t io n a l  
d e s ig n  m e th o d , th e  c h a n g e  in  b e n d in g  m o m e n t  n e a r  th e  to p  a n d  b o tto m  
o f th e  p ip e  s e e m s  to b e  c o n s id e r a b le , h o w e v e r , a r o u n d  th e  s p r in g l in e  (a n  
a n g u la r  p o s it io n  o f 9 0 ° ) i t  a p p e a r s  n e g lig ib le .  I t  s h o u ld  b e  n o t e d  t h a t  
th e  c o n c r e t e  w a l l  is  g r e a t ly  in f lu e n c e d  b y  e v e n  a  s m a l l  d if f e r e n c e  in  
t e n s io n .
♦  In  c o n c lu s io n ,  th e  b a s ic  c o n c e p t  o f  th e  c u r r e n t  d e s ig n  p r a c t ic e  
s h o u ld  b e  r e v is e d  s o  t h a t  th e  in f lu e n c e  o f  th e  in t e r n a l  w a t e r  
p r e s s u r e  c a n  b e  r e f le c t e d  in  f le x u r a l  s t r e s s e s  a n d  b e n d in g  
m o m e n t s .
T h e  in f lu e n c e  o f  th e  w a t e r  w e ig h t  in  th e  f le x u r a l  s t r e s s e s  o f th e  c o re  
h a s  a ls o  b e e n  s im u la t e d  in  th e  u p p e r  p a r t  o f F i g u r e  5 .4 0  f o r  c o m p a r is o n  
p u r p o s e s . T h e  g e n e r a l  t r e n d  is  s i m ila r  to th e  c a s e  o f  th e  a p p lic a t io n  o f  
in t e r n a l  w a t e r  p r e s s u r e .
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I n  F i g u r e  5 .4 1 ,  i t  c a n  b e  s e e n  t h a t  w it h  in c r e a s in g  p r e s s u r e ,  t h e  b e n d in g
m o m e n t  in c r e a s e s  t h r o u g h  th e  w a l l  g r a d u a lly .  A n  in t e r n a l  w a t e r
p r e s s u r e  o f  10  b a r  c a u s e s  th e  d e s ig n  b e n d in g  m o m e n t  a t  th e  c r o w n
( w h e r e  a  m a x im u m  b e n d in g  m o m e n t  o f  6 2 . 6 k N - m / m  fo r  C 7 v 5 - 0 3  o c c u r s
a t  th e  s p r in g  l in e )  to b e  in c r e a s e d  b y  a b o u t  3 1 % .  F r o m  t h is  F i g u r e ,  it  
i s  n o t a b le  th a t:
♦  N o  s ig n if ic a n t  c h a n g e s  in  th e  r a d ia l  e a r t h  p r e s s u r e  o n  th e  to p  
h a lf  o f  th e  p ip e  a p p e a r ; n o n e t h e le s s ,  th e  f le x u r a l  s t r e s s e s  
a t  th e  to p  o f  p ip e  te n d  to in c r e a s e .  T h i s  i s  e v id e n c e  t h a t  th e  
s t r e s s  r e s p o n s e  is  d e p e n d e n t  n o t  o n ly  o n  th e  a c t u a l  e x t e r n a l  
lo a d s  b u t  a ls o  o n  th e  t r e n d  o f  th e  r e la t iv e  d is p la c e m e n t  o f th e  
f in ite  s e c t io n  o f  th e  w a ll .
F i g u r e  5 .4 2  s h o w s  t h a t  t h is  e f f e c t  o c c u r s  f o r  o th e r  p ip e s , r e g a r d le s s  o f  
th e  s o il  s t if f n e s s  a n d  th e  b e d d in g  c o n d it io n . T h e  r e le v a n t  in f o r m a t io n  f o r  
th e  v e r t ic a l  a n d  h o r iz o n t a l  d ia m e t e r  c h a n g e s  is  s u m m a r is e d  in  F i g u r e  
5 .4 3 .
5.4.2.3 Behaviour o f surrounding soil
F i g u r e  5 .4 4  s h o w s  th e  v e r t ic a l  a n d  h o r iz o n t a l  s t r e s s e s  in  th e  
s u r r o u n d in g  s o ils  a t  th e  t im e  o f  c o m p le t io n  o f b a c k f i l l in g .  T h e  v e r t ic a l  
s o i l  s t r e s s e s  a lo n g  th e  v e r t ic a l  c e n t r e lin e  o f  th e  p ip e  e x h ib it  a  s i m ila r  
p a tt e r n  to th e  g e o s t a t ic  p r e s s u r e ,  b u t  a r e  in c r e a s e d  a  lit t le . A s  e x p e c te d ,  
a  la r g e  s t r e s s  c o n c e n t r a t io n  a p p e a r s  a t  th e  b o tto m  o f  th e  p ip e . I n  
a d d it io n , i t  h a s  b e e n  o b s e r v e d  t h a t  th e  s h e a r  s t r e s s  o f  b e d d in g  m a t e r ia ls  
in c r e a s e d  l in e a r ly  w it h  in c r e a s in g  n o r m a l s t r e s s  a c c o r d in g  to  th e  
c o n s t r u c t io n  s e q u e n c e , a n d  th e  s t r e s s  c u r v e  w a s  c o n s id e r a b ly  b e lo w  th e  
f a ilu r e  l in e  o f  M o h r - C o u l o m b  c r it e r io n .
F i g u r e s  5 .4 5 , 5 .4 6  a n d  5 .4 7  p r o v id e  th e  v e r t ic a l  a n d  h o r iz o n t a l  s t r e s s  
c h a n g e s  c a u s e d  b y  th e  w a t e r  w e ig h t  a n d  th e  h y d r a u l ic  p r e s s u r e s  d u r in g  
th e  w a t e r  t r a n s m is s io n  a f t e r  th e  c o m p le t io n  o f th e  b a c k f i l l in g .  T h e
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v e r t ic a l  s t r e s s  d ir e c t ly  a b o v e  th e  p ip e  c r o w n  in  F i g u r e  5 .4 5  t e n d s  to  
d e c r e a s e  w it h  th e  w a t e r  f i l l in g ,  s in c e  th e  p ip e  s e t t le s  in to  th e  g r o u n d  
d u e  to th e  w a t e r  w e ig h t ,  a s  e x p e r ie n c e d  in  F i g u r e  5 .3 6  a n d  D e t a i l  "A" 
o f F i g u r e  5 .3 7 .  T h e n ,  th e  s t r e s s  in c r e a s e s  w it h  in c r e a s in g  in t e r n a l  
p r e s s u r e ,  in  a  s i m ila r  m a n n e r  a s  o t h e r  lo c a t io n s . I n  g e n e r a l,  th e  
in f lu e n c e  o f  in t e r n a l  w a t e r  p r e s s u r e  in  th e  u p p e r  f i l l  s e e m s  to b e , 
h o w e v e r ,  in s ig n if i c a n t  c o m p a r e d  to th e  o t h e r  p la c e s . I n  c o n t r a s t ,  a s  
m ig h t  b e  e x p e c te d , th e  w a t e r  w e ig h t  g r e a t ly  in f lu e n c e s  th e  v e r t ic a l  
s t r e s s  o f  th e  s o i ls  p la c e d  d ir e c t ly  b e lo w  th e  p ip e  in v e r t ,  a n d . a ls o  th e  
h o r iz o n t a l  s t r e s s  o f  th e  s o il  a t  th e  s p r in g lin e ,  too.
T h e  c o r r e s p o n d in g  d is p la c e m e n t  d ia g r a m s  a r e  p r o v id e d  in  F i g u r e  5 .4 8 . 
A s  is  e x p e c te d , th e  d is t r ib u t io n  o f  v e r t ic a l  d is p la c e m e n t  in  th e  o v e r ly in g  
s o i ls  is  t o t a lly  u n p r e d ic t a b le  b e c a u s e  o f  th e  c o m p le x  g e o m e t r y , th e  
d if f e r e n t  p r o p e r t ie s  b e t w e e n  th e  o r ig in a l  g r o u n d  a n d  b a c k f i l l  m a t e r ia l,  
a n d  th e  c h a r a c t e r is t ic s  o f  th e  s o i l - p i p e  in t e r a c t io n . T h i s  is  in  c o m p a r is o n  
w it h  th e  s u b s u r f a c e  d is p la c e m e n t  d u e  to s h ie ld  t u n n e ll in g ,  w h ic h  
c o m p r is e s  a  s im p le  c o n s is t e n t  n o n - l i n e a r  c u r v e  (th e  t r o u g h  s h a p e  in  
h o r iz o n t a l  d ir e c t io n ) .
T h e  h o r iz o n t a l  d is p la c e m e n t  o f  th e  p ip e  e le v a t e s  th e  in c r e a s e  o f  la t e r a l  
e a r t h  p r e s s u r e .  U n l ik e  th e  s id e  w a l l  o f  th e  n a t u r a l  g r o u n d , d u e  to  th e  
w e ig h t  o f  th e  p ip e  a n d  b a c k f il l ,  th e  b a s e  o f  th e  in v e r t  t e n d s  r a t h e r  to  
c o m p r e s s  in  e x c e s s  o f  th e  r e c o v e r y  o f  f o r m e r  s w e l l in g  d u r in g  
e x c a v a t io n ,  w h ic h  w il l  e le v a t e  th e  a r c h in g  e f fe c t  s i m ila r  to th e  c o m p le te  
t r e n c h  c o n d it io n  s h o w n  in  F i g u r e  2 .8 ( c ) .  I n  F i g u r e s  5 .4 9 , 5 .5 0  a n d  5 . 5 1 ,  
th e  p a tt e r n  o f  p r o g r e s s iv e  d is p la c e m e n t s  o f  th e  s u r r o u n d in g  s o i ls  d u r in g  
th e  b a c k f i l l in g  a n d  w a t e r  t r a n s m is s io n  s u p p o r t  t h e ir  s t r e s s  d ia g r a m s .
T h e  s t r e s s -d is p l a c e m e n t  c u r v e s  f o r  th e  s o i ls  p la c e d  a d ja c e n t  to th e  p ip e  
w a ll  a r e  p r e s e n t e d  in  F i g u r e  5 .5 2 . I n  w h ic h ,  th e  f ir s t  th r e e  p o in t s  
c o r r e s p o n d  to th e  b a c k f i l l in g  w it h  a n  e a r t h  c o v e r  o f  l m ,  2 m  a n d  3 m , a n d  
th e  f o u r t h  is  d u e  to w a t e r  f i l l in g .  T h e  o th e r  p o in t s  f r o m  th e  f ifth  
e x a m in e  th e  in f lu e n c e  o f  in t e r n a l  w a t e r  p r e s s u r e s  b e in g  in c r e a s e d  
g r a d u a lly  u p  to 12 0  b a r .
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T h e  s o il  e le m e n t  p la c e d  o n  th e  to p  o f  th e  p ip e  s e t t le s  d o w n  d u r in g  th e  
w a t e r  f i l l in g ,  a n d  th e n , i t  r e t u r n s  to it s  o r ig in a l  p la c e . T h e  t r a n s it io n  
c u r v e  f o r  th e  v e r t ic a l  s t r e s s e s  b o th  d u r in g  th e  b a c k f i l l in g  a n d  a fte r  
w a t e r  f i l l in g  i s  c le a r ly  id e n t if ie d  in  F i g u r e  5 .5 2 , ie , th e  s t r e s s  p a th , 3 4 . 
D u r in g  th e  w a t e r  t r a n s m is s io n  a t  w o r k  s t a g e  5  th e  s t r e s s  p a th  f o llo w s  
th e  s a m e  t r a c e  o f  3 4  d u e  to  w a t e r  f i l l in g .  T h e  c h a n g e  o f  s t r e s s  d u e  to  
th e  in t e r n a l  p r e s s u r e  is  h o w e v e r  im m a t e r ia l ,  s u p p o s in g  t h a t  th e  s o il  
r e m a in s  in  a n  a c t iv e  s t a t e . T h e  in c r e a s e  o f  s t r e s s  f o r  th e  s o i l  p la c e d  a t  
th e  b o t t o m  o f th e  p ip e  c o n t in u e s  c o n s is t a n t ly  t o g e t h e r  w it h  th e  
d is p la c m e n t .  A  r a p id  in c r e a s e  o f  s t r e s s  f o llo w in g  th e  in c r e a s e  o f  th e  
d is p la c e m e n t  i s  d u e  to  a  d if f e r e n t  s t r e s s  s ta te , c o m p a r e d  to th e  to p  s o il.  
I t  is  s u p p o s e d  t h a t  th e  e x c e s s iv e  d is p la c e m e n t  in  th e  h o r iz o n t a l  d ir e c t io n  
i s  l ik e ly  to c r e a t e  a  p a s s i v e  s ta te . M o r e o v e r , a t  w o r k  s t a g e  1 1 ,  th e  
s t r e s s  to g e t h e r  w it h  d is p la c e m e n t  r a t h e r  d e c r e a s e s  b a s e d  o n  w o r k  s t a g e  
10 , w h ic h  s e e m s  to b e  t h a t  th e  s u p p o r t in g  s o i l  h a s  y ie ld e d  b e f o r e  w o r k  
s t a g e  10 .
R e t u r n in g  to th e  s t r e s s - e a r t h  c o v e r  c u r v e  s h o w n  in  F i g u r e  5 .5 2 ,  th e  
o b s e r v a t io n  w a s  m a d e  t h a t  th e  v e r t ic a l  s t r e s s  in  s o il  a b o v e  th e  to p  o f  
th e  p ip e  in c r e a s e s  g r a d u a lly  w it h  in c r e a s in g  e a r t h  c o v e r , b u t  th e  r a t e  o f  
th e  in c r e m e n t  d e c r e a s e s .  H e r e ,  b y  c o m p a r in g  th e  tw o  f ig u r e s ,  it  is  
d e d u c e d  t h a t  th e  in c r e a s e  o f  e a r t h  c o v e r  in f lu e n c e s  th e  s o i l  s t r e s s  
lo c a t e d  a t  th e  to p  o f  th e  p ip e  m o r e  s ig n if ic a n t ly ,  c o m p a r e d  to th e  
in t e r n a l  w a t e r  p r e s s u r e .  I t  is ,  h o w e v e r , v e r y  d if f ic u lt  to d e f in e  w h ic h  is  
c r i t i c a l  in  p ip e  d e s ig n  u n d e r  a c t u a l  w o r k in g  c o n d it io n s . G e n e r a l ly ,  f o r  a  
lo w e r  e a r t h  c o v e r , th e  d e s ig n  s e e m s  to b e  c o n t r o lle d  b y  th e  in t e r n a l  
p r e s s u r e ,  w h e r e a s  in  h ig h e r  e a r t h  c o v e r  s it u a t io n s  th e  e x t e r n a l  e a r th  
lo a d s  w il l  g o v e r n  th e  d e s ig n .  F u r t h e r  d is c u s s io n  w i l l  b e  m a d e  in  
s u b s e q u e n t  s e c t io n .
5.4.3 P restressing  e ffects  on large diam eter rigid pipe
T h e  d if f e r e n c e  in  b e h a v io u r  b e t w e e n  p r e s t r e s s e d  r i g i d  p ip e  a n d  
n o n -p r e s t r e s s e d  r i g i d  p ip e  a r e  e x a m in e d  in  d e ta il  in  t h is  s e c t io n . F i g u r e  
5 .5 3 ( a )  i l lu s t r a t e s  th e  b a s ic  c o n c e p t  o f  e q u ilib r iu m  o f  f o r c e s  in  th e
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p r e s t r e s s e d  c o n c r e t e  p ip e . T h e  p r e s t r e s s in g  f o r c e  T ,  r e s u lt s  in  th e  p ip e  
w a ll  b e in g  c o m p r e s s e d . E q u i l ib r iu m  is  a s s u r e d  b e c a u s e  
A sf s =  A cf c ( +  A y f y ) , w h e r e  A StA c<( A y ) a re  th e  a r e a  o f  p r e s t r e s s in g
w ir e s ,  c o n c r e t e  c o r e  a n d  s t e e l c y l in d e r  e m b e d d e d  in  th e  co re ,
r e s p e c t iv e ly ,  a n d  f s>f c. ( f y )  a r e  c o r r e s p o n d in g  s t r e s s e s .  T h e  c o m p o n e n t
o f th e  s t e e l  c y l in d e r  is  n o t  c o n s id e r e d  in  t h is  t h e s is .  T h e  lo s s e s  d u e  to  
th e  e la s t ic  a n d  p la s t ic  d e f o r m a t io n s  o f  th e  c o n s t it u e n t  m a t e r ia ls  s h o u ld  
b e  t a k e n  in to  a c c o u n t  in  th e  p r o c e s s  f o r  d e t e r m in in g  th e  c o m p r e s s iv e  
s t r e s s .  T h e y  a r e  d iv id e d  in to  tw o  m a jo r  g r o u p s ; f o r  in s t a n c e ,  f ir s t ly ,  th e  
e la s t ic  lo s s  d u e  to c o r e  s h o r t e n in g , th e  lo s s  d u e  to w ir e  r e la x a t io n  a n d  
w ir e  e m b e d m e n t  o c c u r r in g  in  th e  s h o r t  te rm , a n d  th e n  s e c o n d ly
t im e -d e p e n d e n t  lo s s e s  s u c h  a s  c o n c r e t e  c r e e p  a n d  s h r in k a g e .
I n  F i g u r e  5 .5 3 ( b ) ,  th e  c o m p r e s s iv e  s t r e s s  in  th e  c o re , r e s u lt in g  f r o m  th e  
p r e s t r e s s in g ,  is  b a la n c e d  b y  th e  t e n s io n  g e n e r a t e d  b y  th e  s u m  o f h o o p  
s t r e s s  d u e  to th e  in t e r n a l  p r e s s u r e  a n d  f le x u r a l  s t r e s s e s  d u e  to e a r t h  
lo a d , p ip e  w e ig h t ,  w a t e r  w e ig h t ,  e tc .. T h e  e f fe c t  o f d if f e r e n t  r e a c t io n  o f  
th e  s u r r o u n d in g  s o i ls  ( w h ic h  r e s u lt s  in  a n  in c r e a s e  o f  b e n d in g  m o m e n t,  
a s  d is c u s s e d  in  F i g u r e  5 .4 0 ) is  o m itt e d  in  th e  d e v e lo p m e n t  o f  th e  
a n a ly t ic a l  m e th o d . B e c a u s e  o f  t h is ,  th e  r e s u lt a n t  s t r e s s  d u e  to b o th  th e  
in t e r n a l  w a t e r  p r e s s u r e  a n d  th e  f le x u r a l  s t r e s s e s  b y  th e  e x t e r n a l  lo a d s  
c a n  n o t  b e  ■ tr e a te d  a s  a  s im p le  a d d it io n . T h e r e f o r e ,  n e w  g u id e lin e s  
s h o u ld  b e  e s t a b l is h e d  w h ic h  c o n s id e r  th e  d is t in c t iv e  r e a c t io n  o f  th e  
s u r r o u n d in g  s o i l  a lo n g  th e  p ip e  w a ll .
5.4.3.1 Behaviour of prestressed  and non-prestressed  rigid pipe
F i g u r e  5 .5 4  p r e s e n ts , th e  r e s u lt a n t  b e n d in g  m o m e n t  c u r v e s  g e n e r a t in g  
th e  p e a k  t e n s ile  s t r e s s  "in th e  w a l l  for both p restressed  and n o n -p res tre ssed
c o n c r e t e  p ip e . T h e  c u r v e s  a re  m a d e  a c c o r d in g  to th e  c o n s t r u c t io n  
s e q u e n c e  t o g e t h e r  w it h  th e  a p p lic a t io n  o f  th e  in t e r n a l  w a t e r  p r e s s u r e .  
T h e  s e r ie s  n u m b e r  w it h  th e  f ir s t  le t te r  o f  S  c o r r e s p o n d s  to  
n o n -p r e s t r e s s e d  p ip e  id e n t ic a l  w it h  th e  e a r l ie r  s t u d y , a n d  t h a t  o f  P  
a s s u m e s  t h a t  th e  p r e s t r e s s in g  f o r c e  ( I M P a  o f  c o m p r e s s io n )  a p p lie s  to  
th e  o u t e r  s u r f a c e  o f  th e  p ip e  in  a d d it io n  to  th e  g iv e n  c o n d it io n  o f  s e r ie s
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S . S e r ie s  n u m b e r s  Q. a n d  R  r e la t e  to  a  c o m p r e s s io n  o f  2 M P a  a n d  3 M P a ,  
r e s p e c t iv e ly .
F r o m  th e  r e s u lt s  o f th e  a n a ly s e s ,  it  is  c o n c lu d e d  th a t:
♦  T h e  b e h a v io u r  o f  p r e s t r e s s e d  p ip e  is  e n t ir e ly  d if f e r e n t  c o m p a r e d  
to  n o n -p r e s t r e s s e d  p ip e . T h e  p r e s t r e s s in g  f o r c e  (to  p r e v e n t  a  
s e v e r e  d e f o r m a t io n  o f  p ip e )  r e s u lt s  in  a  f u r t h e r  r e d u c t io n  o f  
b e n d in g  m o m e n t  in  th e  p ip e  w a ll .
♦  R e g a r d le s s  o f  th e  q u a n t it y  o f  th e  p r e s t r e s s in g  w ir e s ,  n o  c h a n g e  
in  th e  p a tt e r n  o f  b e n d in g  m o m e n t  c u r v e s  c a n  b e  f o u n d  
t h r o u g h o u t  a ll  th e  c o n s t r u c t io n  s t e p s , b u t  th e  m a g n it u d e  o f  
b e n d in g  m o m e n t  a p p e a r s  p r o p o r t io n a l to th e  m a g n it u d e  o f  th e  
c o m p r e s s io n  f o r c e .
♦  I t  i s  a ls o  c o n f ir m e d  t h a t  th e  b e n d in g  m o m e n t  in  th e  p ip e  w a l l  is  
in  p r o p o r t io n  to th e  s t if f n e s s  o f th e  w a ll ,  E ,  a n d  in  in v e r s e  
p r o p o r t io n  to th e  m a g n it u d e  o f  th e  c o m p r e s s io n  f o r c e .
A s  h a s  b e e n  d is c u s s e d ,  th e  m a jo r  r o le  o f  th e  p r e s t r e s s in g  is  to m a in t a in  
th e  p ip e  in  c o m p r e s s io n  a n d  to p r e v e n t  a  s e v e r e  d e f o r m a t io n  o f  th e  w a l l  
d u r in g  c o n s t r u c t io n  a n d  in  s e r v ic e .  F i g u r e  5 .5 5  i l lu s t r a t e s  th e  c h a n g e  in  
v e r t ic a l  a n d  h o r iz o n t a l  d ia m e t e r s  o f n o n -p r e s t r e s s e d  p ip e , d u e  to th e
in t e r n a l  a n d  e x t e r n a l  lo a d s , w h ile  F i g u r e  5 .5 6  s h o w s  th e  r a t h e r  d if f e r e n t  
b e h a v io u r  o f p r e s t r e s s e d  p ip e , p a r t ic u la r ly  th e  e la s t ic  c o n t r a c t io n  o f  th e  
w a ll  c a u s e d  b y  p r e s t r e s s in g .  F o r  in s t a n c e ,  th e  a n a ly s is  w it h  th e  s e r ie s  
n u m b e r  P 7 4 3  in d ic a t e s  t h a t  th e  d ia m e t e r  o f  p ip e  is  r e d u c e d  b y  a b o u t  1  
m m  a fte r  c o m p le t io n  o f  p r e s t r e s s in g  o f  I M P a .  T h i s  c o n t r a c t io n  w il l  
im p r o v e  th e  p e r f o r m a n c e  o f  th e  s t r u c t u r e  d u r in g  c o n s t r u c t io n  a n d  in
s e r v ic e .
F i g u r e  5 .5 7  i l lu s t r a t e s  th e  d if f e r e n t  s t r e s s  r e s p o n s e  b e t w e e n  p r e s t r e s s e d  
a n d  n o n -p r e s t r e s s e d  r i g i d  p ip e s  ( r e f e r  to  T a b l e  5 .4  f o r  d e t a ils  o f  th e  
m a t e r ia l  p r o p e r t ie s ) .  F i g u r e  5 .5 8  s h o w s  th e  d if f e r e n c e  o f th e  f le x u r a l
s t r e s s e s  fo r  v a r io u s  c o m p r e s s io n  f o r c e s  g e n e r a t e d  b y  th e  p r e s t r e s s in g
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wires. From these Figures, the following observations can be made:
♦  I n  F i g u r e  5 .5 7 ,  w it h  in c r e a s in g  c o m p r e s s io n  fo r c e  th e  d is t a n c e  
b e t w e e n  th e  s t r e s s  c u r v e s  f o r  th e  in n e r  a n d  o u t e r  f ib r e  a t  th e  
in v e r t  a n d  c r o w n  r e d u c e s ,  w h ile  t h a t  a t  th e  s p r in g l in e  t e n d s  to  
in c r e a s e .  F i g u r e  5 .5 8 ( a )  s h o w s  a n  a d v a n t a g e  o f th e  c o m p r e s s io n .  
T h e  n o n -p r e s t r e s s e d  p ip e  e x h ib it s  a  s ig n if ic a n t  d if f e r e n c e  o f  
f le x u r a l  s t r e s s e s  b o th  a t  th e  c r o w n  a n d  a t  th e  s u p p o r t  a re a ,  
w h ic h  im p lie s  t h a t  th e  d e s ig n  b e n d in g  m o m e n t  is  in e v it a b ly  
la r g e r  t h a n  t h a t  f o r  th e  p r e s t r e s s e d  p ip e , a s  s h o w n  in  F i g u r e  
5 .5 8 ( b ) .
♦  D u e  to p r e s t r e s s in g ,  a ll  th e  p r e s t r e s s e d  p ip e  is  in  c o m p r e s s io n
d u r in g  b a c k f i l l in g  f o r  a  g iv e n  e a r th  c o v e r , u n l ik e  th e  
n o n -p r e s t r e s s e d  p ip e . W it h  in c r e a s in g  q u a n t it y  o f
p r e s t r e s s in g  w ir e , th e  c o m p r e s s io n  in  th e  c o re  in c r e a s e s ,  w h ic h  
w il l  p r o v id e  a g a in s t  f u r t h e r  in c r e a s e  o f e a r t h  lo a d s  o r  in t e r n a l  
p r e s s u r e s
A s  h a s  b e e n  e x p la in e d  b y  F i g u r e  5 .5 4 , th e  p r e s t r e s s in g  r e s u lt s  in  a  
d e c r e a s e  o f b e n d in g  m o m e n t, w h ic h  p r e s u m e s  t h a t  th e  b e h a v io u r  o f  
p r e s t r e s s e d  p ip e  s h o w s  v e r y  d if f e r e n t  s t r e s s  r e s p o n s e , c o m p a r e d  to th e  
n o n -p r e s t r e s s e d  p ip e . A lt h o u g h  i t  a p p a r e n t ly  h a s  a  g r e a t  f le x u r a l  r i g id it y  
d u e  to th e  p r e s t r e s s in g  e ffe c t , th e  b e h a v io u r  o f p r e s t r e s s e d  p ip e  is  n o t  
l ik e  u n p r e s t r e s s e d  s t r u c t u r e s  w it h  a  h ig h  s t if f n e s s  ( w h ic h  w a s  b r ie f ly  
d is c u s s e d  in  C h a p t e r  4 ). F u r t h e r  in f lu e n c e  o f th e  in t e r n a l  w a t e r  p r e s s u r e  
in  th e  p r e s t r e s s e d  p ip e  i s  d is c u s s e d  o n  th e  s u b s e q u e n t  s e c t io n .
5.4.3.2. Control param eters for structural design
T h e  v a r ia t io n  o f  b e n d in g  s t r e s s  a n d  b e n d in g  m o m e n t  in  th e  p r e s t r e s s e d  
p ip e  d u e  to th e  in t e r n a l  w a t e r  p r e s s u r e s  is  s h o w n  in  F i g u r e s  5 .5 9  a n d  
5 .6 0 . I t  i s  n o te d  t h a t  th e  d e s ig n  c o n s id e r in g  a n  in t e r n a l  w a t e r  p r e s s u r e  
o f 1 0  b a r  ( s e r ie s  n u m b e r  Q 7 4 3 - 0 3 1 0  a n d  R 7 4 3 - 0 3 1 0 )  a re  o f  c o u r s e  
im p r a c t ic a l  b e c a u s e  t h e y  a re  to o  c o n s e r v a t iv e .  H e r e , f o r  th e  s e r ie s
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P 7 4 3 - 0 3 1 0 ,  th e  m a x im u m  t e n s ile  s t r e s s  ( -2 6 6 8 k P a )  w h ic h  o c c u r s  a t  th e  
in n e r  f ib r e  o f  th e  w a l l  in  th e  s u p p o r t  a r e a  is  a s s u m e d  to b e  w it h in  th e  
a llo w a b le  t e n s ile  s t r e s s  o f th e  c o n c r e t e  c o re .
R e g a r d in g  th e  in t e r -r e la t i o n  b e t w e e n  c o m p r e s s io n  f o r c e  a n d  in t e r n a l  
p r e s s u r e ,  f u r t h e r  s t u d ie s  h a v e  b e e n  p e r fo r m e d . T h e  r e s u lt s  a re  s h o w n  in  
F i g u r e s  5 .6 1 ,  5 .6 2 , 5 .6 3  a n d  5 .6 4 . F i g u r e  5 .6 1  w a s  o b t a in e d  f r o m  th e  
a n a l y s is  u s in g  th e  s e r ie s  n u m b e r  Q 7 4 3 -0 3 2 0 ,  a s s u m in g  t h a t  th e  s a m e  
a m o u n t  o f  p r e s s u r e  ( 2 M P a )  f o r  b o t h  c o m p r e s s io n  a n d  in t e r n a l  p r e s s u r e s  
a re  a p p lie d  to  th e  o u t s id e  a n d  in s id e  w a ll .  T h i s  e x a m p le  c a n  b e  u s e d  f o r  
d e t e r m in in g  th e  a r e a  o f  p r e s t r e s s in g  w ir e s  r e q u ir e d  f o r  a  g iv e n  
in s t a l la t io n  c o n d it io n . T h e  t e n s ile  s t r e s s e s  o c c u r r in g  a t  th e  in v e r t  a r e a  
s e e m  to  b e  w it h in  t h e  t e n s ile  s t r e n g t h  l im it  fo r  c o n c r e t e ; th e r e fo r e , th e  
c o r e  w i l l  n o t  c r a c k .  F i g u r e  5 .6 3  is  f o r  p r e s s u r e s  o f  3 M P a  a p p lie d  to  
b o th  in s id e  a n d  o u t s id e  s u r f a c e s ,  w h e r e  th e  t e n s ile  s t r e s s  is  a ls o  
in s ig n if ic a n t .
N o w , it  i s  n e c e s s a r y  to c o n s id e r  th e  s ig n if ic a n c e  o f  th e  e a r t h  a n d  th e  
in t e r n a l  w a t e r  p r e s s u r e  a s  th e  c o n t r o ll in g  p a r a m e t e r s  in  th e  p ip e  d e s ig n  
f o r  a  g iv e n  c o n d it io n . I n  th e  c a s e  o f  in t e r n a l  p r e s s u r e  o f  1 0  b a r  a n d  3  
m  e a r t h  c o v e r ,  th e  p ip e  d e s ig n  d o e s  n o t  r e q u ir e  a n y  a d d it io n a l  p r o v is io n  
f o r  th e  e a r t h  lo a d , a s  s h o w n  in  F i g u r e  5 .5 9 . A c c o r d in g ly ,  it  m a y  b e  
a s s u m e d  t h a t  a  p ip e  d e s ig n  w it h  a  lo w e r  e a r t h  c o v e r  i s  g e n e r a l ly  
g o v e r n e d  b y  in t e r n a l  w a t e r  p r e s s u r e .  I n  c o n t r a s t ,  th e  d e s ig n  f o r  a  
h ig h e r  e a r t h  c o v e r  m a y  b e  a s s u m e d  to b e  g o v e r n e d  b y  th e  e a r t h  lo a d .  
H o w e v e r ,  t h e s e  tw o  d e s ig n  c o n t r o l p a r a m e t e r  p a r a d ig m s  d o  n o t  
a d e q u a t e ly  d e s c r ib e  p ip e  b e h a v io u r .
T h e  e f f e c t s  o f  a  h ig h e r  e a r t h  c o v e r  (6 m )  a re  p r o v id e d  i n  F i g u r e s  5 .6 5  
to 5 .6 8 . F o r  th e  s e r ie s  n u m b e r  s t a r t in g  w it h  a  c a p it a l  le t te r  L  ( lO b a r  
d e s ig n ) ,  M  ( 2 0 b a r  d e s ig n )  a n d  N  ( 3 0 b a r  d e s ig n ) ,  th e  a p p lie d  
c o m p r e s s io n s  a r e  1 . 3 M P a ,  2 .3 M P a  a n d  3 .3 M P a ,  r e s p e c t iv e ly .  F r o m  th e  
r e s u lt s ,  it  c a n  b e  d e d u c e d  t h a t  th e  r e q u ir e m e n t  fo r  a d d it io n a l  p r o v is io n  
v a r ie s  w it h  th e  m a g n it u d e  o f  in t e r n a l  w a t e r  p r e s s u r e . F o r  in s t a n c e ,  th e  
a n a ly s e s  s h o w n  in  F i g u r e s  5 .6 9  a n d  5 .7 0  fo r th e  s e r ie s  n u m b e r  s t a r t in g  
w it h  a  s m a l l  le tte r , m  ( 2 0 b a r )  a n d  n  (3 0 b a r )  d e m o n s t r a t e  th a t, w it h
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in c r e a s in g  in t e r n a l  p r e s s u r e ,  th e  r e q u ir e m e n t  fo r  a d d it io n a l p r o v is io n  is  
d im in is h e d . T h i s  is  d u e  to th e  m a g n it u d e  o f  th e  in t e r n a l  w a t e r  p r e s s u r e ,  
w h e r e  th e  t e n s ile  s t r e s s  d o e s  n o t  e x c e e d  th e  l im it  o f t e n s ile  c r a c k in g .
T h e r e f o r e ,  p ip e  d e s ig n  in  r e la t io n  to  th e  c o n t r o l p a r a m e t e r s  is :
♦  B a s i c a l l y ,  th e  m in im u m  c o m p r e s s io n  s h a l l  b e  a t  le a s t  e q u a l to o r
la r g e r  t h a n  th e  p r o v is io n  fo r  in t e r n a l  w a t e r  p r e s s u r e  s o  t h a t  th e  
s t r e s s  s t a t e  o f  c o n c r e t e  c o r e  c a n n o t  b e  e x c e e d e d  th e
d e c o m p r e s s io n  s t a t e  o f th e  p ip e .
♦  F o r  a  lo w  e a r t h  c o v e r , th e  in t e r n a l  w a t e r  p r e s s u r e  g e n e r a l ly
g o v e r n s  p ip e  d e s ig n , e x c e p t  in  th e  c a s e  o f v e r y  lo w  in t e r n a l
p r e s s u r e .
♦  W it h  in c r e a s in g  e a r t h  c o v e r , th e  e a r t h  lo a d  b e c o m e s  a  p a r t ia l  o r  
to ta l c o n t r o ll in g  f a c t o r  in  d e s ig n ,  w h e n  th e  m a g n it u d e  o f in t e r n a l  
w a t e r  p r e s s u r e  is  lo w .
♦  W h e n  in t e r n a l  p r e s s u r e  is  e x t r e m e ly  h ig h ,  th e  d e s ig n  i s  g e n e r a l ly  
c o n t r o lle d  b y  it s  m a g n it u d e , r e g a r d le s s  o f th e  e a r t h  c o v e r ,
♦  A s  h a s  b e e n  d e m o n s t r a t e d  o n  F i g u r e  5 .7 0 , th e  c o m b in e d  e f fe c t  o f  
e a r t h  lo a d  a n d  in t e r n a l  w a t e r  p r e s s u r e  r e q u ir e s  a  le s s e r  s te e l  
a r e a  t h a n  th e  s u m  o f  th e  in d iv id u a l  s t e e l a r e a s  f o r  b o th  in t e r n a l  
a n d  e x t e r n a l  lo a d in g .
5 . 4 . 3 . 3  R e a c t i o n  o f  s u r r o u n d i n g  s o i l
F i n a l ly ,  th e  r e a c t io n  o f th e  s u r r o u n d in g  s o ils  to p r e s t r e s s e d  p ip e  is  
r e v ie w e d  b y  u s i n g  th e  s a m e  a p p r o a c h  e m p lo y e d  in  n o n -p r e s t r e s s e d  p ip e . 
I n  F i g u r e  5 . 7 1 ,  th e  r e s u lt s  s h o w  t h a t  th e  p e a k  t e n s ile  s t r e s s  ( in  th e
in n e r  f ib r e )  d u e  to  th e  a c c u m u la t e d  e f fe c t  o f w a t e r  w e ig h t  a n d  w a t e r
p r e s s u r e  r e m a in s  r e a s o n a b ly  w e ll  w it h in  th e  r a n g e  o f  th e  d e s ig n  c r it e r ia  
( s h o w n  b y  th e  d a s h e d  l in e  in  F i g u r e  5 .7 1 ) .  H o w e v e r ,  th e  b e n d in g
-  189 -
m o m e n t  i s  s l ig h t ly  in c r e a s e d  b y  th e  a p p lic a t io n  o f  w a t e r  p r e s s u r e  
e v id e n c e d  b y  th e  d if f e r e n c e  in  th e  f le x u r a l  s t r e s s e s  a t  th e  in n e r  a n d  
o u t e r  f ib r e s .  T h e  c h a n g e  o f s t r e s s e s  d u e  to  th e  w a t e r  w e ig h t  s e e m s  to  
b e  n e g lig ib le ,  a s  s h o w n  in  a  u p p e r  p a r t  o f  F i g u r e  5 . 7 1 .  I n  g e n e r a l,  th e  
e f f e c t  o f  th e  r e a c t io n  o f th e  s u r r o u n d in g  s o il  o n  a  p r e s t r e s s e d  p ip e  is  
in s ig n if ic a n t ,  c o m p a r e d  to  n o n -p r e s t r e s s e d  p ip e  ( S e e  F i g u r e  5 .4 0 .) . F r o m  
F i g u r e  5 .4 0  a n d  5 . 7 1 ,  w it h  r e s p e c t  to th e  v a r ia t io n  o f  th e  s t r e s s e s  in  
n o n -p r e s t r e s s e d  a n d  p r e s t r e s s e d  p ip e , th e  f o llo w in g  o b s e r v a t io n s  c a n  b e  
m a d e ;
♦  I n  th e  c l a s s i c a l  a n a l y s is  n o  a c c o u n t  o f  th e  d if f e r e n t  r e a c t io n  o f  
s u r r o u n d in g  s o i ls  to  th e  p ip e  w a l l  i s  m a d e , w h ic h  c a u s e s  th e  
c r e a t io n  o f  a d d it io n a l  b e n d in g  m o m e n t  d u e  to  th e  t r e n d  of  
d if f e r e n t ia l  m o v e m e n t  o f  e a c h  s e c t io n  o f  th e  w a ll .  T h i s  is  s im ila r  
to th e  d is c o n t in u it y  in  th e  f o u n d a t io n  in t r o d u c e d  b y  E .  W in k le r  
in  18 6 7 .
♦  T h e  in f lu e n c e  o f  th e  w a t e r  w e ig h t  in  th e  p r e s t r e s s e d  p ip e  is
in s ig n if ic a n t ,  c o m p a r e d  to th e  n o n -p r e s t r e s s e d  p ip e . I t  is  
re c o m m e n d e d  b y  - w r it e r  t h a t  th e  c r it e r ia  u s e d  f o r  th e  in f lu e n c e  o f  
th e  w a t e r  w e ig h t  s h o u ld  b e  r e a s s e s s e d  t h o r o u g h ly , t o g e t h e r  w it h  
th e  c r it e r ia  f o r  th e  a c c u m u la t io n  o f  th e  w a t e r  w e ig h t  a n d  
in t e r n a l  w a t e r  p r e s s u r e .
♦  F u r t h e r m o r e ,  th e  b a s ic  c o n c e p t  o f  th e  c u r r e n t  d e s ig n  p r a c t ic e ,  in
w h ic h  it  is  a s s u m e d  t h a t  th e r e  is  n o  c h a n g e  in  th e  b e n d in g  
m o m e n t  b y  th e  in t e r n a l  w a t e r  p r e s s u r e ,  s h o u ld  b e  r e a s s e s s e d  in
th e  f u t u r e  s o  t h a t  th e  d e s ig n  p r o c e d u r e  a c c o m m o d a t e s  th e  e ffe c t
o f  th e  r e a c t io n  o f  s u r r o u n d in g  s o i l  s u b je c t e d  to th e  in t e r n a l  
w a t e r  p r e s s u r e s .  I n  a d d it io n , a  n e w  d e s ig n  c r i t e r ia  fo r  
p r e s t r e s s e d  r ig id  p ip e  s h o u ld  b e  e s t a b l is h e d  in  o r d e r  to  o p t im is e  
th e  p ip e  w a ll ,  w h ic h  t a k e s  in to  a c c o u n t  th e  p r e s t r e s s in g  e f fe c t  
a s s o c ia t e d  w it h  th e  in t e r a c t io n  b e t w e e n  s o il  a n d  p ip e .
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T able 5.1 Input param eters in FEA  for influence of soil s tiffness
Series No. Zone 1 Zone 2 Zone 3
S455m (l) Eg (M Pa) 90 90 90
Ys (k N /m 3) 20 20 20
<f>' ( ° ) 40 40 40
S455m(2) E s (M Pa) 90 90 90
ys (k N /m 3) 20 20 18
4>' ( ° ) 40 40 40
S455m(3) E s (M Pa) 90 17 17
ys (k N /m 3) 20 18 18
T  ( ° ) 40 30 30
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V.
T a b l e  5 .2 .  In p u t  p a r a m e t e r s  u s e d  in  F E A  f o r  in f lu e n c e  o f  
s id e  b a c k f i l l  s t if f n e s s
Series No. Zone 1 Zone 2 Zone 3
S645 Es (MPa) 60 60 17
7s (k N /m 3) 19.5 19.5 18
¥ ( ° ) 38 38 30
S645m E s (MPa) 60 17 17
7s (k N /m 3 ) 20 18 18
¥ ( ° ) 38 30 30
S245 E s (MPa) 60 60 17
7s (k N /m 3 ) 19.5 19.5 18
¥ ( ° ) 38 38 30
S245m Eg (MPa) 60 17 17
7s (k N /m 3) 20 18 18
¥ ( ° ) 38 30 30
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Table 5.3 Input parameters in FEA for various earth cover
Earth Cover (m) Zone 1 Zone 2 Zone 3
1 E s (MPa) 26 26 10
7s (k N /m 3) 21 21 18
F ( ° ) 33 33 32
2 E s (MPa) 31 31 10
7s (k N /m 3 ) 21 21 18
¥ ( ° ) 34 34 32
3 E s (MPa) 35 35 10
7s (k N /m 3) 21 21 18
4> ( ° ) 34 34 32
4 E s (MPa) 37 37 10
7s (k N /m 3) 21 21 18
( ° ) 35 35 32
6 E s (MPa) 40 40 10
7s (k N /m 3) 21 21 18
F ( ° ) 36 36 32
8 E s (MPa) 44 44 10.5
7s (k N /m 3) 21 21 18
( ° ) 37 37 32
10 E s (MPa) 47 47 11
7s (k N /m 3 ) 21 21 18
( ° ) 37 37 32
over 12 E s (MPa) 50 50 11
7s (k N /m 3 ) 21 21 18
r ( ° ) 38 38 32
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Table 5.4 Flexural stresses in the extremities of the pipe core as a 
function of pre-compression (Unit: kN /m 2)
Angular
position
(degrees)
S 743-03 P743-03 Q743-03 R743-03
Inner Outer Inner Outer Inner Outer Inner Outer
0.00 -3510 3510 5071 9761 13533 16666 21691 23435
11.25 -3224 3297 5021 9836 13094 17036 21137 24129
22.50 -2435 2657 5874 9246 14010 16290 22295 23424
33.75 -1245 1724 6830 8609 14867 15765 22923 23012
45.00 232 550 8241 7661 16292 14820 24383 21968
56.25 1781 -680 9666 6704 17664 13904 25773 21112
67.50 3167 -1758 11131 5742 19253 12768 27469 19895
78.75 4180 -2552 11972 5192 19953 12354 28111 19523
90.00 4696 -2952 12531 4833 20620 12008 28683 19067
101.25 4562 -2857 12414 4958 20416 12181 28390 19295
112.50 3885 -2315 11807 5302 19978 12409 28103 19472
123.75 2733 -1373 10562 6170 18600 13352 26587 20533
135.00 693 429 8703 7570 16745 14744 24686 21898
146.25 -1917 2582 6255 9266 14292 16461 22323 23694
157.50 -3263 3581 5112 9960 13387 17084 21488 24131
168.75 -3003 3302 5162 9877 13274 17115 21278 24226
180.00 -2645 2987 5776 9415 14159 16348 22454 23318
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N o te : T S D  = D esig n  density of soil above  
the top of the pipe
Figure 5.1 Finite element discretization of soil-pipe problem
- 195 -
Coding structure for Coding structure for
standard shaped bedding modified shaped bedding
Series No. Void Zone 
S1XX b -j
S2XX c - h
S3XX e -h
S4XX no void
Series No. Void Zone
S6XX a - d and i - j
S7XX a - c and h - j
S8XX a - b a n d f - j
Initial
excavation
(Variable)
Original Ground 
(Stiff soil)
Figue 5.2(a) Idealisation of parametric installation for embankment condition
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Figure 5.2(c) Backfilling and compaction of side fill
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X X X Xx - XX XX
Figure 5.3 Coding structure used for numerical analyses
-  199 -
Figure 5.4(a) Radial earth pressure distributions for full contact 
between pipe and surrounding soil (S445-03) 
Inside diameter of pipe (ID) = 4.0m, Earth cover 
(EC) = 3.0m, soil density above the top of the pipe 
(TSD) = 18kN/cu.m, Pipe wall stiffness (Ec) = 
88GPa, Surrounding soil stiffness (Es) = 60MPa, 
Max. earth pressure = H4kPa at pipe haunch
Figure 5.4(b) Bending stress distributions in pipe wall (S445-03) 
ID=4.0m, EC=3.0m, TSD=18kN/cu.m, Ec=88GPa, 
Es=60MPa, Max. tensile stress=-5285kPa at pipe 
invert
Figure 5.4(c) Bending moment distribution (S445-03) 
ID=4.0m, EC=3.0m, TSD=18kN/cu.m, 
Ec=88GPa, Es=60MPa, Max. bedning 
moment=-70kN-m/m at pipe invert
tc/4
Figure 5.5(a) Radial earth pressure distributions (S345-03) 
ID-4.0m, EC-3.0m, TSD=18kN/cu.in, Ec=
88GPa, Es=60MPa, Max. earth pressure at 
haunch area = 212kPa
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Figure 5.5(b) Bending stress distributions in pipe wall (S345-03) 
ID=4.0m, EC=3.0m, TSD=18kN/cu.m, Ec=88GPa, 
Es=60MPa, Max. tensile stress=-7195kPa at pipe 
invert
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Figure 5.5(c) Bending moment distribution (S345-03) 
ID=4.0m, E O 3.0m , TSD=18kN/cu.m, 
Ec=88GPa, Es=60MPa, Max. bedning 
moment=-93kN-m/m at pipe invert
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Vertical earth pressure, kPa
Figure 5.6 Distribution of vertical and horizontal earth pressures 
induced along pipe surface circumferencially (S345)
ID = 4.0m, EC = 3.0m, TSD -  18 kN/cu.m, Ec = 88 GPa, 
Es = 60 MPa
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(a) Radial earth pressure distributions (b) Bending moment distributions
Top soil 
Density Elastic modulus 
(kN/cu.m) (MPa)
20
18
18
90
90
17
Figure 5.7 Comparison of radial earth pressure and bending moment 
distributions due to change of soil stiffness and density 
ID=4.0m, EC=3.0m, Ec=88GPa, Es=90MPa (S455m)
(a) Radial earth pressure distributions (b) Bending moment distributions
S455m-03
S455m-36
Figure 5.8 Comparison of radial earth pressure and bending moment 
distributions due to change of earth cover 
ID=4.0m, Ec=88GPa, Es=90MPa
U nit:
S215 (See Detail’A')
S415 (Full contact) —
Detail ’A'
Figure 5.9 Comparison of radial earth pressure distributions 
due to change of bedding condition 
ED = 4.0m, EC = 3.0m, TSD = 18kN/cu.m, Ec = 
88GPa, Es = 20MPa Max. pressure = 405kPa for 
S215 & 210kPa for S415
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Figure 5.10 Comparison of bending moment distributions due to 
change of bedding condition
ID = 4.0m, EC = 3.0m, TSD = 18kN/cu.m, Ec = 88GPa, 
Es = 20MPa Max. BMs at pipe invert = -157kN-m/m 
for S215, & -XIOkN-m/m for S415
(a) Radial earth pressure distributions (b) Bending moment distributions
S215
S245
Figure 5.11 Comparison of bending moment distributions due to 
change of side fill stiffness
ID = 4.0m, EC = 3.0m, TSD = 18kN/cu.m, Ec = 88GPa,
Es = 20 and 60 MPa Max. BMs = -157kN-m/m at pipe 
invert for S215 & -107kN-m/m at pipe crown for S245
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Note : Details of bedding types 6, 7 & 8 are described in Section 5.3.3.
Figure 5.12 Relation of bending moment and elastic modulus of 
surrounding soil due to pipe weight and earth load, 
Complete positive projection condition (He>H) (See 
Figure 2.8(a)), ID = 4.0m, EC = 3.0m, TSD = 
18kN/cu.m, Ec = 88GPa
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Figure 5.13 Basic concept of modified shaped bedding 
installation (S6XX, S7XX, S8XX)
Figure 5.14 Radial earth pressure distribution (S645) 
ID=4.0ni, EC=3.0m, TSD=T8kN/cu.m,
Ec = 88GPa, Es = 90MPa
Figure 5.15 Bending stress distributions (S645)
ID = 4.0m, EC = 3.0m, TSD = I8kN/cu.m, 
Ec = 88GPa, Es = 60MPa, Max. Tensile 
stress at crown = -3763kPa, Max. comp, 
stress at springline = +5074kPa
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Figure 5.16 Comparison of bending moment distributions 
as a function of beddipg condition 
ID=4.0m, EC=3.0m, TSD=18kN/cu.m, Ec = 
88GPa, Es = 60MPa, Max. BMs = -49kN-m/m 
at crown for S645 and -93kN-m/m at invert
Figure 5.17 Comparison of bending moment distributions due to 
change of side fill stiffness
ID = 4.0m, EC = 3.0m, TSD = 18kN/cu.m, Ec = 88GPa, 
Es = 60MPa, Max. BMs = 55kN-m/m at spring line for 
S645 and 72kN-m/m at springline for S645m
Figure 5.18 Comparison of bending moment distributions due to 
change of side fill stiffness
ID = 4.0m, EC = 3.0m, TSD = 18kN/cu.m, Ec = 88GPa, 
Es = 60MPa, Max. BMs = -107kN-m/m at invert for 
S245 and -146kN-m/m at invert for S245m
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S645c (Lesser compacted, E s-40M P a)
Figure 5.19 Comparison of radial earth pressure distributions due to 
change of material stiffness of void zone (very loose soil) 
ID -  4.0m, EC = 3.0m, TSD = 18kN/cu.m, Ec -  88GPa, 
Es = 60MPa
U nit: kPa
Figure 5.20 Comparison of bending stress distributions due to 
change of material stiffness of void zone 
ID = 4.0m, EC = 3.0m, TSD = 18kN/cu.m, Ec = 
88GPa, Es = 60MPa
Inner fibre (S645, 
Max. TS at crown = 
-3763kPa)
 ®--
Outer fibre (S645)
Inner fibre (S645c, 
Max TS at invert = 
-4997kPa)
 9--
Outer fibre (S645c)
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Figure 5.21 Change in bending moment as a function of stiffness of loose soil
ID = 4.0m, EC = 3.0m, TSD = 18kN/cu.m, Ec = 88 GPa, Es = 60 MPa
(a) Comparison of bending moment distributions (S645 vs S645c)
(b) Bending moment diagrams at pipe invert, spring line and crown
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Figure 5.22 Change in vertical and horizontal diameters of pipe as 
a function of pipe wall stiffness due to pipe weight and 
earth loads
ID = 4.0 m, EC = 3.0 in, TSD= 18kN/cu.m, Es = 20MPa 
and 60MPa
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Figure 5.23 Relation between bending moment and elastic 
modulus of pipe wall due to pipe weight and 
earth pressures, ID = 4.0 m, EC = 3.0 m, TSD 
= I8kN/cu.m, Es = 20MPa and 60MPa
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Figure 5.24 Bending moment diagrams as a function of earth cover at pipe 
support, crown and springline due to pipe weight and earth 
load (C7vX-XX), ID = 4.0 m, TSD = 18 kN/cu.m
Note : A  small letter "v" shown in C7vX-XX means that the material properties o f  surrounding 
soil are variable according to the earth cover.
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Figure 5.25 Vertical and horizontal stresses in soils adjacent 
to pipe crown, support and spring line as a 
function of earth cover due to pipe weight and 
earth loads (C7vX-XX)
ID=4.0 m, TSD=18 kN/cu.m, Ec=88 GPa
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Figure 5.26 Comparison of radial earth pressure distributions 
as a function of earth cover (C7v5-XX)
ID = 4.0m, TSD = I8kN/cu.m, Ec = 88GPa
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Figure 5.27 Comparison of bending stress distributions 
as a function of earth cover (C7v5-XX)
ID = 4.0m, TSD = 18kN/cu.m, Ec = 88GPa
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Figure 5.28 Comparison of bending moment distributions 
as a function of earth cover (C7v5-XX)
ID = 4.0m, TSD = 181dN7cu.ni, Ec = 88GPa
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Figure 5.29 Bending moment diagrams at pipe support, crown and spring line 
as a function of earth cover due to pipe weight, earth loads and 
internal water pressure (C7v3-XX)
ID = 4.0 m, TSD = 18 kN/cu.m, Ec = 44 GPa
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Figure 5.30 Bending moment diagrams at pipe support, crown and spring line 
as a function of earth cover due to pipe weight, earth loads and 
internal water pressure (C7v5-XX)
ID = 4.0 m, TSD = 18 kN/cu.m, Ec = 88GPa
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Figure 5.31 Bending moment diagrams at pipe support, crown and spring line 
as a function of earth cover due to pipe weight, earth loads and 
internal water pressure (C7v6-XX)
ID = 4.0 m, TSD = 18 kN/cu.m, Ec = 132GPa
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Figure 5.32 Change in vertical and horizontal diameters 
of pipe as a function of earth cover due to 
pipe weight and earth loads (C7vX-XX)
ID -  4.0 m, TSD = 18 kN/cu.m
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Figure 5.33 Change in vertical and horizontal diameters of pipe as a 
function of earth cover due to pipe weight, earth loads 
and internal water pressur, ID = 4.0 m, TSD = 18 kN/cu.m
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(See Figure 5.35 for Details A, B  & C.)
Figure 5.34 View of the pipe displacement at the time of backfilling 
and application of internal water pressure (C7v5-03XX) 
ID = 4.0 in, EC = 3.0 m, TSD = 18 kN/cu.m, Ec = 88 GPa, 
Es = 40 MPa
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Figure 5.35 Detail of the pipe displacements at the time of backfilling 
and application of internal water pressure (C7v5-03XX) 
ID = 4.0 m, EC = 3.0 in, TSD = 18 kN/cu.m, Ec = 88 GPa, 
Es = 40 MPa
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Figure 5.36 Vertical and horizontal displacement of pipe at crown, invert 
and springline at the time of backfilling, water filling and 
application of internal water pressure (C7v5-03XX), ID = 4.0 m, 
EC = 3.0 m, TSD = 18 kN/cu.m, Ec = 88 GPa, Es = 35 MPa
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Figure 5.37 Displacement of pipe wall at the time of backfilling, water 
filling, and application of internal water pressure 
(C7v5-03XX), ID = 4.0 m, EC = 3.0 m, TSD = 18 kN/cu.m, 
Ec -  88 GPa, Es = 35 MPa
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Figure 5.38 Comparison of radial earth pressure distributions 
as a function of internal water pressure 
ID = 4.0m, EC = 3.0m, TSD = 18, Ec = 88GPa
Liner fibre (C7v5-03) 
Outer fibre (C7v5-03)
Inner fibre (C7v5-0310)
-EE- 
Outer fibre (C7v5-0310)
- B -
Figure 5.39 Comparison of bending stress distributions for pipes 
with/without internal water pressure 
ID = 4.0m, EC = 3.0m, TSD = 18kN/cu.m, Ec = 88GPa
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Figure 5.40 Increase of flexural stresses at innerand outer 
fibres due to water weight and internal water 
pressure of 10 bar for non-prestressed rigid 
pipe (C7v5-03XX), ID = 4.0m, EC = 3. m, 
TSD = I8kN/cu.m, Ec = 88 GPa
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Figure 5.41 Comparison of bending moment distributions for pipes 
with/without internal water pressure (C7v5-03XX)
ID = 4.0m, EC = 3.0m, TSD = 18kN/cu.m, Ec = 88GPa
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Figure 5.42 Relation of bending moment and elastic modulus of fill mate 
at pipe invert due to pipe weight, earth loads and internal wa 
pressure, ID = 4.0 m, EC = 3.0 m, TSD = 18 kN/cu.m, Ec = 88
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Figure 5.43 Change in vertical and horizontal diameters of pipe as a fu 
of elastic modulus of fill material due to pipe weight, earth 
and internal water pressure, ID = 4.0 m, EC = 3.0 m, TSD 
18 kN/cu.m, Ec = 88 GPa
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Figure 5.44 Distribution of vertical and horizontal stresses in soils 
around pipe top, bottom and springline after 
completion of backfilling (D245-03)
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Figure 5.45 Vertical stress distributions of soils directly above top of pipe 
along vertical centreline of pipe after backfilling and during 
water transmission
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Figure 5., 46 Horizontal stress distributions in soils placed along 
pipe springline after backfilling and during water 
transmission
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Figure 5.47 Vertical stress distributions in soils directly below 
pipe bottom along vertical centreline of pipe after 
backfilling and during water transmission
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Figure 5.48 Distribution of vertical and horizontal displacements of soils 
around pipe top, bottom and springline after completion of 
backfilling (D245-03)
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Figure 5. 49 Vertical diaplacement of soils layered above top of pipe 
along vertical centreline after backfilling and during 
water transmission
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Figure 5.50 Horizontal displacement of soils layered along pipe 
springline after backfilling and during water 
transmission
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Figure 5.51 Vertical diaplacement of soil layered below pipe
along vertical centreline after backfilling and during 
water transmission
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Work stage: 400
1. backfill, 1m
2. backfill, 2m
3. backfill, 3m
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Figure 5.52 Stress-displacement curves for soils placed near pipe top, springline 
and bottom following construction sequence and increase of internal 
pressure (D245-XXXX), ID = 4.0 m, TSD = 18 kN/cu.m, Ec = 88 GPa, 
Es = 60 MPa
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T =  As fs
(a) Prestressing and hoop tension
Outer fibre 1
Compressive stress 
due to prestrcssing
Tensile stress
due to internal pressure
Flexural stresses 
due to external load
Resultant stresses 
(Combined loads)
(b) Superimposed stresses across wall o f  pipe bottom
Figure 5.53 Basic concept of equilibrium of forces in Prestressed 
concrete pipe for modelling a prestressing effect as 
hoop tension in the FEM (After Ameron, 1986)
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Figure 5.54 Bending moments induced during construction and water 
transmission for prestressed and non-prestressed pipes 
ID = 4.0 in, EC = 3.0 m, TSD = 18 kN/cu.m, Es = 60 MPa
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Figure 5.55 Changes in vertical and horizontal diameters of non-prestressed 
pipes during construction and water transmission for various 
stiffness of pipe wall and working conditions, ID = 4.0m, EC = 
3.0m, TSD = 18kN/cu.m, Es = 60MPa
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Figure 5.56 Changes in vertical and horizontal diameters of prestressed pipes during 
construction and service for various stiffness of pipe wall and installation 
conditions ID = 4.0 m, EC = 3.0 m, TSD = 18 kN/cu.m, Ec = 44 GPa, Es = 
60 MPa
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Figure 5.57 Comparison of bending stress distributions for prestressed and 
non-prestressed pipes due to pipe weight and earth loads 
ID = 4.0m, EC = 3.0m, TSD =18kN/cu.m, Ec = 44GPa, Es = 60MPa
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Figure 5.58 Studies on variation of flexural bending stresses induced along 
wall sections as a function of compression force 
ID = 4.0 in, EC = 3.0 m, TSD = 18 kN/cu.m, Ec = 44 GPa, Es = 
60 MPa
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Figure 5.59 Comparison of bending stress distributions for prestressed pipe 
due to pipe weight, earth loads and internal water pressure 
ID=4.0m, EC=3.0m, TSD=18kN/cii.m, Ec=44GPa, Es=60MPa, 
Max. TS at support = -2668kPa (for P743-0310)
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Figure 5.60 Comparison of bending moment distributions for prestressed pipe 
due to pipe weight, earth loads and internal water pressure 
ID=4.0m, EC=3.0m, TSD=18KN/cu.m, Ec=44GPa, Es=60MPa, 
Design bending moment at support = -44kN-m/m (for P743-0310)
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Figure 5.61 Bending stress distributions for prestressed pipe 
due to pipe self-weight, earth loads and internal 
water pressure (Q743-0320)
ID=4.0m, EC=3.0m, TSD=18kN/cu.m, Ec=44GPa, 
Es=60MPa, Max. TS at support = -1616kPa
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Figure 5.62 Bending moment distribution for prestressed pipe 
due to pipe weight, earth loads and internal water 
pressure (Q743-0320)
ID=4.0m, EC=3.0m, TSD=18kN/cu.m, Ec=44GPa, 
Es=60MPa, Design BM at support = -43kN-m/m
Figure 5.63 Bending stress distributions for prestressed pipe 
due to pipe weight, earth loads and internal water 
pressure (R743-0330)
ID=4.0m, EC=3.0m, TSD=18kN/cu.m, Ec=44GPa, 
Es=60MPa, Max. TS at support = -566kPa
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Figure 5.64 Bending moment distribution for prestressed pipe 
due to pipe weight, earth loads and internal water 
pressure (R743-0330)
ID=4.0m, E O 3.0m , TSD=18kN/cu.m, Ec=44GPa, 
Es=60MPa, Design BM at support = -42kN-m/m
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Figure 5.65 Bending stress distributions for prestressed pipe 
due to pipe weight, earth loads and internal water 
pressure (L743-0610)
ID=4.0m, EC=6.0m, TSD=18kN/cu.m, Ec=44GPa, 
Es=60MPa, Compression force = 1300kPa,
Max. TS at crown = -2581kPa
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Figure 5.66 Bending moment distribution for prestressed pipe 
due to pipe weight, earth loads and internal water 
pressure (L743-0610)
ID=4.0m, EC=6.0m, TSD=18kN/cu.m, Ec=44GPa, 
Es=60MPa, Compression force = 1300kPa,
Design BM at crown = -70kN-m/m
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(a) Bending stresses (b) Bending moment
Figure 5.67 Bending stress and moment distributions for prestressed pipe 
due to pipe weight, earth loads and internal water pressure 
(M743-0620) ID=4.0m, EO6.0m, TSD=18kN/cu.m, Ec=44GPa, 
Es=60MPa, Compression force =2300kPa, Max. TS at crown = 
-1422kPa, Max. bending moment at crown = -67kN-m/m
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(a) Bending stresses (b) Bending moment
Figure 5.68 Bending stress and moment distributions for prestressed pipe 
due to pipe weight, earth loads and internal water pressure 
(N743-0630) ID=4.0m, EC=6.0m, TSD=18kN/cu.m, Ec=44GPa, 
Es=60MPa, Compression force =3300kPa, Max. TS at crown = 
-268kPa, Max. bending moment at crown = -66kN-m/m
(a) Bending stresses (b) Bending moment
Figure 5.69 Bending stress and moment distributions for prestressed pipe 
due to pipe weight, earth loads and internal water pressure 
(m743-0620) ID=4.0m, EC=6.0m, TSD=18kN/cu.m, Ec=44GPa, 
Es=60MPa, Compression force =2200kPa, Max. TS at crown = 
-2173kPa, Max. bending moment at crown = -67.4kN-m/m
(a) Bending stresses (b) Bending moment
Figure 5.70 Bending stress and moment distributions for prestressed pipe 
due to pipe weight, earth loads and internal water pressure 
(n743-0630) ID=4.0m, EC=6.0m, TSD=18kN/cu.m, Ec=44GPa, 
Es=60MPa, Compression force =3200ikPa, Max. TS at crown -  
-2170kPa, Max. bending moment at crown = -68kN-m/m
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Figure 5.71 Increase of flexural stresses at inner and outer 
fibres due to water weight and internal 
pressure of 10  bar for prestressed rigid pipe: 
(P743-03XX), ID = 4.0 in, EC = 3.0 m, TSD = 
18 kN/cu.m, Ec = 44 GPa
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CHAPTER 6 -  DISCUSSION
T h i s  c h a p t e r  p r e s e n t s  a  s u m m a r y  a n d  d is c u s s io n  o f  th e  r e s e a r c h  w o r k  
p r o v id e d  in  th e  p r e v io u s  c h a p te r . M a n y  in t e r e s t in g  f in d in g s  h a v e  b e e n  
m a d e  t h r o u g h  th e  f in it e  e le m e n t  a n a ly s e s  o f  th e  in s t a l la t io n  o f  th e  la r g e  
d ia m e t e r  r i g i d  p ip e , w h ic h  c a n  b e  u s e d  to m a k e  g e n e r a l  c o n c lu s io n s  
a b o u t  in s t a l la t io n  e f f e c t s  in  th e  f ie ld . I t  is  a ls o  c o n f ir m e d  t h a t  n o  
d is t in c t iv e  d if f e r e n c e s  h a v e  b e e n  fo u n d  b e t w e e n  th e  a n a l y s is  p e r fo r m e d  
a n d  th e  o b s e r v a t io n s  o n  f u l l  s c a le  f ie ld  in s t a l la t io n  t r ia ls .  T h i s  c h a p t e r  is  
d iv id e d  in to  tw o  m a in  c a t e g o r ie s ;  ( i)  n u m e r ic a l  m o d e ll in g  a n d  a n a ly s is ,  
a n d  ( ii)  f ie ld  t r ia ls  a n d  la b o r a t o r y  t e s t s
6.1 Finite Elem ent A nalysis of Installation E ffects
6.1.1 Standard and m odified supporting system s
F i n d in g s  f r o m  th e  n u m e r ic a l  a n a ly s e s  o n  th e  in f lu e n c e  o f  th e  m a t e r ia l
s t if f n e s s  a n d  v a r io u s  b e d d in g  c o n d it io n s  a p p e a r  to in d ic a t e  th a t :
♦  T h e  r a d ia l  e a r t h  p r e s s u r e  d is t r ib u t io n  ( n o r m a l to s u r f a c e  o f  th e
p ip e )  o n  th e  u p p e r  h a lf  o f  th e  p ip e  is  g r e a t ly  in f lu e n c e d  b y  th e
s t if f n e s s  o f th e  s id e  f il l .  L o w e r  s t if f n e s s  p r o d u c e s  a
b u lb - s h a p e d  p r e s s u r e  d is t r ib u t io n ,  b u t  w it h  in c r e a s in g  s t if f n e s s  o f  
s id e  f il l,  th e  p r e s s u r e  d is t r ib u t io n  te n d s  to f la t t e n  o u t, b e c o m in g  
n e a r ly  u n if o r m ly  d is t r ib u t e d  o v e r  th e  s p a n  le n g t h  ( S e e  F i g u r e  
5 .7 .) .
♦  F o r  th e  s h a p e d  b e d d in g , th e  r a d ia l  s u p p o r t in g  p r e s s u r e  o n  th e
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b o tto m  o f th e  r i g i d  p ip e  g r a d u a lly  in c r e a s e s  f r o m  th e  p ip e  in v e r t  
t o w a r d  th e  e x t r e m it ie s  o f  th e  s h a p e d  b e d d in g  a s  s h o w n  in  
F i g u r e  6 .1 ,  w it h  r a r e  e x c e p t io n s  s u c h  a s  th e  lo c a l is e d  c o n t a c t  
b e d d in g  c o n d it io n . T h i s  b e h a v io u r  is  q u it e  d if f e r e n t  to t h a t  
a s s u m e d  in  n o r m a l p r a c t ic e ,  w h ic h  is  b a s e d  o n  th e  a s s u m p t io n ' o f  
d a n d e r ' s  b u lb  s h a p e .
♦  F i g u r e  6 .2  d e p ic t s  th e  r e la t io n s h ip  b e t w e e n  b e n d in g  s t r e s s e s  a n d  
b e n d in g  m o m e n t s  g e n e r a t e d  a r o u n d  th e  p ip e  w a ll .  T h e  m a x im u m  
b e n d in g  m o m e n t  i s  u s u a l l y  t h o u g h t  to b e  e it h e r  a t  th e  in v e r t  
w h e r e  th e  d is t a n c e  b e t w e e n  th e  t e n s ile  s t r e s s  a t  th e  in n e r  f ib r e  
a n d  th e  c o m p r e s s iv e  s t r e s s  a t  th e  o u te r  f ib r e  is  th e  la r g e s t  
t h r o u g h  th e  p ip e  w a ll ,  o r  a t  th e  m id d le  o f a  z o n e  o f  s u p p o r t in g  
p r e s s u r e .  I n  c o n t r a s t ,  in  F i g u r e  6 .2 , th e  lo c a t io n  o f  z e ro  b e n d in g  
m o m e n t  c o in c id e s  w it h  th e  p la c e  w h e r e  th e  t w o  s t r e s s  
d is t r ib u t io n s  in t e r s e c t .  F r o m  t h is  d ia g r a m , th e  v a l id i t y  o f  o u tp u t  
f r o m  th e  C R I S P  m a in  p r o g r a m  c a n  b e  p a r t ia l ly  v e r if ie d .
♦  I n  g e n e r a l,  th e  a c t u a l  p e a k  b e n d in g  m o m e n t s  t h a t  h a v e  b e e n  
o b t a in e d  f r o m  f in it e  e le m e n t  a n a ly s is  a r e  s ig n if ic a n t ly  s m a lle r  
t h a n  t h o s e  o b t a in e d  f r o m  c o n v e n t io n a l d e s ig n  m e th o d s , b e c a u s e  
o f  w e l l -d is t r ib u t e d  e a r t h  p r e s s u r e s .  T h e  p r e s s u r e  d is t r ib u t io n  o n  
th e  u p p e r  h a lf  o f  th e  p ip e  t e n d s  to  b e  s im ila r  to  th e  s u p p o r t in g  
p r e s s u r e  d is t r ib u t io n ,  a n d  t h is  t r e n d  is  o b s e r v e d  c le a r ly  fo r  b o th  
in c r e a s e  o f  th e  s t if f n e s s  o f  th e  s id e  f il l  a n d  in c r e a s e  o f th e  e a r th  
c o v e r .  O n  th e  o t h e r  h a n d , f o r  la t e r a l  e a r t h  p r e s s u r e s ,  n o  c le a r  
in f lu e n c e  o n  th e  p r e s s u r e  d is t r ib u t io n  in  th e  p ip e  c a n  b e  fo u n d ,  
ir r e s p e c t iv e  o f  th e  s id e  f i l l  s t if f n e s s .  H o w e v e r ,  s id e  f i l l  w it h  a  
r e la t iv e ly  h ig h  s t if f n e s s  c a u s e s  th e  v e r t ic a l  e a r t h  p r e s s u r e s  
im p o s e d  o n  b o th  th e  u p p e r  a n d  lo w e r  h a lf  p o r t io n  o f  th e  p ip e  to  
b o th  d e c r e a s e  a n d  b e c o m e  u n if o r m ly  d is t r ib u t e d .
♦  I t  is  im p o r t a n t  to  n o te  t h a t  a  p o o r  b e d d in g  c o n d it io n  ( w h ic h  
r e s u lt s  in  a  h ig h  c o n c e n t r a t e d  s u p p o r t in g  p r e s s u r e  a t  th e  in v e r t )  
c a n  b e  c o m p e n s a t e d  b y  a  lit t le  e ffo r t  in  c o m p a c t io n  o f  th e  s id e
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f i l l  ( w h ic h  r e s u lt s  in  a  w e l l  d is t r ib u t e d  s u p p o r t in g  p r e s s u r e  b e lo w  
th e  b o tto m  o f  th e  p ip e ).
♦  I n  c o n c lu s io n ,  th e  b e n d in g  m o m e n t  in  th e  p ip e  w a l l  c a n  e a s i ly  b e  
c o n t r o lle d  b y  s it e  w o r k s  s u c h  a s  a n  in c r e a s e  o f f i l l  s t if f n e s s ,  a n d  
f u r t h e r  im p r o v e m e n t  c a n  b e  a c h ie v e d  b y  c h a n g in g  th e  
c o n s t r u c t io n  m e th o d . E v a l u a t i o n  o f  b e n d in g  m o m e n t  a n d  d e s ig n  
b e d d in g  a n g le  is  m a d e  e a s y  b y  th e  u s e  o f  th e  c o m p u t a t io n  
d ia g r a m  s h o w n  in  F i g u r e  6 .3 , in  w h ic h  v a lu e s  o f b e n d in g  
m o m e n t  f o r  v a r io u s  v a lu e s  o f  f i l l  m a t e r ia l  s t if f n e s s  a r e  p lo tte d  
f o r  s e v e r a l  k in d s  o f b e d d in g  c o n d it io n s .
T o  im p r o v e  th e  s h o r t c o m in g s  o f  c o n v e n t io n a l s h a p e d  b e d d in g  ( b e c a u s e  
i t  is  d if f ic u lt  in  p r a c t ic e  to a c h ie v e  f u ll  c o n t a c t  b e t w e e n  th e  b o tto m  o f  
th e  p ip e  a n d  th e  s u r f a c e  o f th e  b e d d in g )  a  m o d if ie d  s h a p e d  b e d d in g  
w it h  a n  in t e n t io n a l v o id  r e g io n  a t  th e  in v e r t  h a s  b e e n  c o n s id e r e d . T h e  
b a s ic  c o n c e p t  is  i l lu s t r a t e d  n u m e r ic a l ly  in  F i g u r e  6 .4 . F i g u r e  6 .4 (a )  
s h o w s  t h a t  th e  p ip e  i s  p la c e d  o n  a  s m a l le r  a r c  in  th e  m o d if ie d  s h a p e d  
b e d d in g , w h ic h  m a k e s  i t  p o s s ib le  b o th  ( i)  to p r e v e n t  th e  c o n c e n t r a t io n  
o f s u p p o r t in g  p r e s s u r e s  a t  th e  in v e r t ,  a n d  ( ii)  to s h if t  th e  s u p p o r t in g  
p r e s s u r e s  to th e  e x t r e m it ie s  o f p r e -s h a p e d  b e d d in g . B y  u s in g  t h is  
s y s t e m ,  th e  f o llo w in g  o b s e r v a t io n s  a re  m a d e :
♦  I n  F i g u r e  6 .4 (b ) , th e  s y m m e t r ic  s u p p o r t in g  p r e s s u r e s  a b o u t  th e  
v e r t ic a l  c e n t r e lin e  o f  th e  p ip e  h a v e  le d  to s o m e  r e c o v e r y  o f  th e  
p r e -d e f o r m e d  s h a p e  d u e  to it s  s e l f - w e i g h t  b e f o r e  in s t a l l in g  th e  
p ip e  o n  th e  s h a p e d  b e d d in g . I t  w o u ld  a p p e a r  t h a t  t h is  
p h e n o m e n o n  c o n t r ib u t e s  to th e  m o b il is a t io n  o f  h ig h e r  la t e r a l  
e a r t h  p r e s s u r e  d u r in g  b a c k f i l l in g ,  a n d  th e r e fo r e  th e  d e c r e a s e  o f  
b e n d in g  m o m e n t  in  th e  p ip e  w a ll .
♦  T h e  b e n d in g  s t r e s s  d is t r ib u t io n s  a re  v e r y  c o m p le x  in  c o m p a r is o n  
w it h  th e  c o n v e n t io n a l  s h a p e d  b e d d in g . T h e  m a x im u m  b e n d in g  
m o m e n t  is  g e n e r a l ly  lo c a t e d  a t  th e  p la c e  w h e r e  th e  p e a k  
s u p p o r t in g  p r e s s u r e  o c c u r s .  H o w e v e r ,  th e  g o v e r n in g  t e n s ile
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s t r e s s  i s  g e n e r a l ly  s h if t e d  to e it h e r  th e  s p r in g l in e  o r  th e  c r o w n .  
I t  s h o u ld  b e  n o te d  t h a t  t h is  s h if t  is  m a in ly  d u e  to  th e  r e d u c t io n  
in  b e n d in g  m o m e n t  a t  th e  in v e r t .  T h e  lo c a t io n  o f  th e  g o v e r n in g  
t e n s ile  s t r e s s  d o e s  n o t  c o in c id e  w it h  t h a t  o f  th e  m a x im u m  
b e n d in g  m o m e n t.
♦  I n  c o n c lu s io n ,  th e  m o d if ie d  s u p p o r t in g  s y s t e m  r e s u lt s  in  a  g r e a t  
r e d u c t io n  o f  m a x im u m  b e n d in g  m o m e n t, r e g a r d le s s  o f  th e  
lo c a t io n s  w h e r e  th e  m a x im u m  b e n d in g  m o m e n t  a n d  p e a k  t e n s ile  
s t r e s s  o c c u r . F i g u r e  6 .3  h ig h l ig h t s  th e  r e la t io n s h ip  b e t w e e n  th e  
b e n d in g  m o m e n t  a n d  th e  s t if f n e s s  o f  s id e  f il l,  a s  a  f u n c t io n  o f  
b e d d in g  s h a p e . I t  i s  v e r y  im p o r t a n t  to n o te  t h a t  th e  m o d if ie d  
s h a p e d  b e d d in g  (i.e . S e r ie s  N o s .  S 6 1 5 ,  S 6 4 5 , S 7 1 5  a n d  S 7 4 5 )  
a p p e a r s  m u c h  im p r o v e d  in  c o m p a r is o n  w it h  th e  id e a l f u ll  
c o n t a c t  b e d d in g  c o n d it io n . E v e n  S 8 1 5  a n d  S 8 4 5  ( w h ic h  
c o r r e s p o n d  to p o o r  p r a c t ic e  w h e n  u s in g  th e  m o d if ie d  s h a p e d  
b e d d in g  c o n d it io n s )  in d ic a t e  a  s im ila r  r e s u lt  w it h  f u l l  c o n t a c t .  
F r o m  F i g u r e  6 .3 , i t  h a s  b e e n  r e c o g n is e d  t h a t  th e  a c h ie v e m e n t  o f
18 0 ° b e d d in g  a n g le  is  p o s s ib le  in  th e  f ie ld .
6.1.2 Flexural rigidity and flexural stresses
T h e  r e la t io n s h ip  b e t w e e n  th e  f le x u r a l  r ig id it y  o f  th e  p ip e  a n d  th e  
r e s u lt a n t  b e n d in g  s t r e s s e s  in  th e  p ip e  w a l l  a re  p r e s e n t e d  a c c o r d in g  to  
th e  r e s u lt s  o b t a in e d  f r o m  th e  e x t e n s iv e  a n a ly s e s  r e p o r t e d  in  C h a p t e r  5 .
♦  T h e  f ie ld  b e n d in g  m o m e n t  m a y  b e  o b t a in e d  f r o m  o n e  o f th e  
d ia g r a m s  s h o w n  in  F i g u r e  6 .5 . T h e  p ip e  w a l l  s t if f n e s s  a n d  th e  
b e d d in g  s h a p e  g r e a t ly  in f lu e n c e  th e  b e n d in g  m o m e n t . T h e r e f o r e ,  
i t  c a n  b e  d e d u c e d  t h a t  c o n v e n t io n a l  d e s ig n  p r a c t ic e  h a s  a  
s ig n if ic a n t  s a f e t y  m a r g in ,  s in c e  th e  s t if f n e s s  o f th e  a c t u a l  p ip e  
w a ll  is  g e n e r a l ly  f a r  lo w e r  t h a n  t h a t  f o r  a  p e r f e c t ly  
r ig id  p ip e .
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F r o m  F i g u r e  6 .6 , w h ic h  s h o w s  th e  v a r ia t io n  o f n o r m a l s t r e s s e s  in  th e  
s o i ls  p la c e d  a t  th e  p ip e  to p , b o tto m  a n d  s p r in g l in e  a c c o r d in g  to th e  
c o n s t r u c t io n  s e q u e n c e , i t  c a n  b e  s e e n  t h a t  n o n e  o f  th e  s t r e s s  p a t h s  c a n  
b e  f o r e c a s t e d  p r io r  to c a r y in g  o u t  a n  in d iv id u a l  a n a l y s is  w h ic h  t a k e s  
in to  a c c o u n t  th e  a c t u a l  f ie ld  c o n d it io n . W it h  in c r e a s in g  e a r t h  c o v e r , th e  
la t e r a l  e a r t h  p r e s s u r e  in c r e a s e s  l in e a r ly ,  w h ile  th e  c h a n g e s  in  v e r t ic a l  
e a r t h  p r e s s u r e s  a t  th e  p ip e  to p  a n d  b o tto m  a re  n o n - l in e a r .  T h e r e f o r e ,  
w h e n  e a r t h  c o v e r  r e a c h e s  a  c e r t a in  le v e l,  th e  in c r e a s e  o f b e n d in g  
m o m e n t  r e a c h e s  a  p la t e a u , a s  s h o w n  in  F i g u r e  6 .7 . F u r t h e r  in c r e a s e  o f  
e a r t h  c o v e r  c a u s e s  a  r e d u c t io n  in  b e n d in g  m o m e n t. T h i s  p h e n o m e n o n  is  
v e r y  s i m i l a r  to th e  a r c h in g  a c t io n  d e s c r ib e d  in  S e c t io n  2 .3 . 1 .
6.1.3 Application of internal w ater pressure and prestressing  
effect
T h e  v a l id i t y  o f  c o n v e n t io n a l  d e s ig n  m e th o d s  in  a s s o c ia t io n  w it h  th e  
in t e r n a l  w a t e r  p r e s s u r e  is  e x a m in e d  in  F i g u r e  6 .8 . T h e  p r in c ip le  o f  th e  
d e s ig n  c r i t e r ia  ( i.e . th e  a s s u m p t io n  th e r e  is  n o  c h a n g e  in  b e n d in g  
m o m e n t  d u r in g  w a t e r  t r a n s m is s io n ,  b e c a u s e  in t e r n a l  w a t e r  p r e s s u r e  
p r o d u c e s  th e  u n if o r m  t e n s ile  s t r e s s  a r o u n d  th e  p ip e  w a ll)  s h o u ld  b e  
c r it ic is e d  f o r  th e  f o llo w in g  r e a s o n s .
♦  T h e  in t e r a c t io n  p r o b le m s  f o r  th e  b u r ie d  c ir c u la r  p ip e  in s t a l le d  b y  
c u t - a n d - c o v e r  m e th o d  s h o u ld  b e  d is t in g u is h e d  f r o m  o th e r  
c l a s s i c a l  u n d e r g r o u n d  s t r u c t u r e s ;  f o r  in s t a n c e , b o x  c u lv e r t s  w it h  
a  s im p le  g e o m e t r y , o r  s h ie ld  t u n n e ll in g  w h ic h  p e r m it s  o n ly  a  
v e r y  s m a l l  d e f o r m a t io n  o f  th e  s u r r o u n d in g  s o il.  T h e  r e a c t io n  o f  
th e  s u r r o u n d in g  s o il  a g a in s t  th e  in t e r n a l w a t e r  p r e s s u r e  a p p e a r s  
to b e  a  v e r y  c o m p lic a t e d  r e s p o n s e , c a u s e d  b y  d if f e r e n t  d e g r e e s  
o f c o m p a c t io n  a n d  c o n f in in g  s t r e s s .  T h i s  p h e n o m e n o n  m e a n s  t h a t  
th e  b e h a v io u r  o f  th e  p ip e  w a l l  is  v ir t u a lly  u n p re d ic ta b le .
♦  I n  F i g u r e  6 .8 , th e  a v e r a g e  in c r e a s e  o f b e n d in g  s t r e s s  in  th e  w a ll  
s e e m s  to b e  in  r e a s o n a b ly  g o o d  a g r e e m e n t  w it h  th e  s t r e s s
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in c r e a s e  p r e d ic t e d  b y  th e  c u r r e n t  d e s ig n  m e th o d . H o w e v e r ,  th e  
t e n s ile  s t r e s s  in c r e a s e  a t  th e  in n e r  f ib r e  o b t a in e d  f r o m  th e  
n u m e r ic a l  a n a ly s is  i s  f a r  h ig h e r  t h a n  t h a t  f r o m  th e  c o n v e n t io n a l  
a n a ly t ic a l  m e th o d , w h ic h  m a y  c a u s e  th e  p ip e  c o re  to  c r a c k .
♦  I n  t h is  r e s p e c t ,  n e w  d e s ig n  c r it e r ia  s h o u ld  b e  b r o a d ly  
e s t a b l is h e d  b y  b a c k  a n a ly s is ,  u s in g  th e  r e s u lt s  o b t a in e d  f r o m  th e  
f in it e  e le m e n t  m e th o d , ta lc in g  in to  a c c o u n t  th e  r e a c t io n  o f  th e  
s u r r o u n d in g  s o i ls  to  th e  in t e r n a l  w a t e r  p r e s s u r e .
T h e  n o r m a l s t r e s s e s  a n d  d is p la c e m e n t s  o f th e  s u r r o u n d in g  s o i ls  a re  
e x a m in e d  in  F i g u r e s  6 .9  a n d  6 .1 0 ,  b a s e d  o n  3  m  e a r t h  c o v e r .  T h e  
s t r e s s -d is p l a c e m e n t  r e la t io n  f o r  th e  s u r r o u n d in g  s o il  i s  a ls o  p r o v id e d  in  
F i g u r e  6 . 1 1 .
♦  T h e  s t r e s s e s  in  th e  s o i ls  p la c e d  a r o u n d  th e  p ip e  s h o w  a  q u ite
d if f e r e n t  p a t t e r n  c o m p a r e d  to th e  g e o s t a t ic  p r e s s u r e s .  T h e  
v e r t ic a l  s t r e s s e s  in  th e  s o i ls  p la c e d  a b o v e  th e  p ip e  a p p e a r  r a t h e r  
h ig h e r  t h a n  t h a t  f o r  th e  w e ig h t  o f th e  s o il  p r is m , d u e  to th e  
in v e r t e d  a r c h in g  a c t io n . A  la r g e  h o r iz o n t a l  s t r e s s  e x is t s  a t  th e  
s p r in g l in e  s i m ila r  to R a n k in e ' s  la t e r a l p r e s s u r e s ,  u n l ik e  th e  
t r a d it io n a l  d e s ig n  m e th o d . H o w e v e r ,  it  m u s t  b e  m a d e  c le a r  t h a t  
p o s it iv e  d e f le c t io n  o f  th e  p ip e  in  th e  h o r iz o n t a l d ir e c t io n  r e s u lt s  
in  th e  s o il  a c h ie v in g  a  p a s s i v e  s ta te . R o t a t io n  o f  p r in c ip a l  
s t r e s s e s  w o u ld  o c c u r  in  s o m e  s it u a t io n s .
♦  F i g u r e  6 .1 0  c o n f ir m s  th e  c o m p lic a t e d  b e h a v io u r  o f th e  s o il  a r o u n d
th e  p ip e . T h e  s id e  f i l l  a t  th e  s p r in g l in e  is  in  a  p a s s i v e  s t a t e ,  
c a u s in g  a n  in c r e a s e  o f  h o r iz o n t a l  s t r e s s .  N o  d is t in c t iv e  c h a n g e  in  
v e r t ic a l  d is p la c e m e n t  o f  th e  n a t u r a l  g r o u n d  b e lo w  th e  b o tto m  o f  
p ip e  c a n  b e  fo u n d . T h i s  im p lie s  t h a t  th e  in f lu e n c e  o f  m e s h  
g e o m e t r y  fo r  th e  n a t u r a l  g r o u n d  b e lo w  th e  b o tto m  o f th e  p ip e  is  
in s ig n if i c a n t  o n  th e  s t r e s s  r e s p o n s e  o f  th e  b u r ie d  p ip e .
♦  T h e  s t r e s s -d is p l a c e m e n t  r e la t io n  fo r  th e  s o ils  p la c e d  a d ja c e n t  to
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th e  p ip e  h a s  b e e n  r e v ie w e d  in  F i g u r e  6 . 1 1 ,  in  o r d e r  to  
in v e s t ig a t e  th e  c o m p le t e  b e h a v io u r  o f  th e  s u r r o u n d in g  s o i l  d u r in g  
c o n s t r u c t io n  a n d  i n - s e r v i c e .  I r r e s p e c t iv e  o f  th e  lo c a t io n  o f  th e  
s o il  e le m e n t s , w it h  in c r e a s in g  e a r t h  c o v e r  th e  s t r e s s  in c r e a s e s  
c o n t in u o u s ly  w it h o u t  e x c e p t io n . W it h  w a t e r  f i l l in g  ( s t a t e d  in  
F i g u r e  6 . 1 1 ) ,  i t  s t a r t s  s in k in g  d o w n  in  a  w h o le  b o d y  m o v e m e n t  
a n d  e x p a n d in g  o u t w a r d  a t  th e  s id e s , s im u lt a n e o u s ly .  T h i s  c a u s e s
( i)  a n  in c r e a s e  o f  b o th  v e r t ic a l  s t r e s s  a t  th e  b o tto m  a n d  
h o r iz o n t a l  s t r e s s  a t  th e  s p r in g l in e ,  b u t  ( ii)  a  d e c r e a s e  o f  v e r t ic a l  
s t r e s s .
♦  W it h  th e  a p p lic a t io n  o f  in t e r n a l  w a t e r  p r e s s u r e ,  a l l  s t r e s s e s  
in c r e a s e  ( S e e  w o r k  s t a g e s  5  to 1 1  in  F i g u r e  6 . 1 1 . ) .  T h e  s t r e s s  
p a th  f o r  a  s o i l  e le m e n t  a t  th e  to p  o f  th e  p ip e  r e v e r s e s  a lo n g  th e  
s t r e s s  p a th  c o n s t r u c t e d  d u r in g  w a t e r  f il l in g .  S in c e  th e  in d u c e d  
s t r e s s e s  o n  th e  s u r f a c e  o f  th e  p ip e  a re  n o t  c o n s is t e n t ,  it  c a n  b e  
c o n c lu d e d  t h a t  in t e r n a l  w a t e r  p r e s s u r e  in f lu e n c e s  th e  m a g n it u d e  
o f  b e n d in g  m o m e n t.
F u r t h e r  to th e  in f lu e n c e  o f  in t e r n a l  w a t e r  p r e s s u r e ,  th e  im p o r t a n c e  o f  
th e  p r e s t r e s s in g  e f fe c t  s h o u ld  b e  e m p h a s is e d  in  p ip e  d e s ig n .  N o  d e s ig n  
m e th o d  c o n s id e r s  a n  e n t ir e ly  d if f e r e n t  b e h a v io u r  o f p r e s t r e s s e d  p ip e  
c o m p a r e d  to n o n -p r e s t r e s s e d  p ip e , g iv in g  r is e  to s h o r t c o m in g s  in  th e  
c u r r e n t  d e s ig n  m e th o d . I t  i s  n o te d  th a t, a lt h o u g h  th e  p r e s t r e s s in g  
p r o d u c e s  n e a r ly  u n if o r m  c o m p r e s s iv e  s t r e s s e s  a r o u n d  th e  p ip e  w a ll ,  it s  
in f lu e n c e  in  th e  b e h a v io u r  o f  th e  p ip e  is  n o t  n e g lig ib le ;  e s p e c ia l ly  w h e n  
th e  e x t e r n a l  lo a d s  a r e  in v o lv e d .
♦  T h e  p r e s t r e s s in g  ( w h ic h  p r o d u c e s  a  c o n s t r a in in g  f o r c e  o n  th e  
p ip e )  p r e s e r v e s  th e  c r i t ic a l  s e c t io n  o f  th e  p ip e  w a l l  to p r o d u c e  a  
r e la t iv e ly  la r g e  r a d iu s  o f c u r v a t u r e  w h e n  th e  d e f o r m a t io n  
o c c u r s .  T h e r e f o r e ,  b e n d in g  m o m e n t s  in  th e  p r e s t r e s s e d  p ip e  w a ll  
a r e  a lw a y s  lo w e r  t h a n  in  th e  n o n -p r e s t r e s s e d  p ip e . T h i s  
s it u a t io n  c a n  b e  e x p la in e d  b y  th e  e le m e n t a r y  e la s t ic  b e n d in g  
t h e o r y .
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♦  T h e  c o m p le t e  s e t  o f  a n a l y s is  r e s u lt s  fo r  th e  p r e s t r e s s e d  p ip e  is  
s h o w n  in  F i g u r e s  6 . 1 2  a n d  6 . 1 3  w it h  r e s p e c t  to c h a n g e  in  
d ia m e t e r  a n d  v a r ia t io n  o f  b e n d in g  m o m e n t  d u r in g  c o n s t r u c t io n  
a n d  i n - s e r v i c e .  F r o m  t h e s e  F i g u r e s ,  it  c a n  b e  s e e n  t h a t  th e  
b e h a v io u r  o f  th e  p ip e  is  s ig n if ic a n t ly  in f lu e n c e d  b y  b o th  th e  
e x is t e n c e  o f  th e  p r e s t r e s s in g  f o r c e  a n d  th e  q u a n t it y  o f  th e  
p r e s t r e s s in g  w ir e s  u s e d .
♦  F i g u r e  6 . 1 2  -  D e t a i l  " A "  h ig h l ig h t s  th e  e f fe c t  o f  p r e s t r e s s in g  
f o r c e  c a u s in g  th e  p ip e  to  c o n t r a c t  t o w a r d s  it s  c e n t r e  o f  g r a v it y .  
F o r  in s t a n c e ,  th e  p r e s t r e s s in g  o f I M P a  ( P 7 4 3 )  o f  c o m p r e s s io n  
c a u s e s  a  p r e -c o n t r a c t io n  o f th e  p ip e  ( P 7 4 3 )  o f  a r o u n d  1 m m  in  
d ia m e t e r . T h e  e a r t h  lo a d  s u b s e q u e n t ly  im p o s e d  o n  th e  p ip e  d u e  
to  b a c k f i l l in g  le a d s  to a  r e d u c e d  v e r t ic a l  d ia m e t e r  a n d  in c r e a s e d  
h o r iz o n t a l  d ia m e t e r , s im u lt a n e o u s ly .
♦  W h e n  in t e r n a l  w a t e r  p r e s s u r e  i s  a p p lie d  to  th e  in n e r  s u r f a c e  o f  
th e  p ip e , th e  p ip e  s t a r t s  to  e x p a n d  o u t w a r d , r e f o r m in g  th e  
o r ig in a l  p ip e  s h a p e  to  s o m e  d e g r e e . H o w e v e r ,  p e r f e c t  r e s h a p in g  
o f  th e  p ip e  c a n n o t  b e  a c h ie v e d  in  n o r m a l  w o r k in g  
c o n d it io n s , b e c a u s e  c h a n g e s  in  th e  v e r t ic a l  a n d  h o r iz o n t a l  
d ia m e t e r s  a r e  n o t  id e n t ic a l.  T h i s  in a b il it y  s e e m s  n o t  to b e  
h a r m f u l  in  a  s t r u c t u r a l  s e n s e , b e c a u s e  th e  in d u c e d  la t e r a l  e a r t h  
p r e s s u r e s  a re  k e p t  in  a  p a s s i v e  s t a t e  d u r in g  s e r v ic e .
♦  I n  th e  c a s e  o f  p r e s t r e s s e d  p ip e , th e  in d u c e d  b e n d in g  m o m e n t  is  
la r g e ly  d e p e n d e n t  o n  th e  q u a n t it y  o f  p r e s t r e s s in g  w ir e s  p r o v id e d ,  
a s  s h o w n  in  F i g u r e  6 .1 3 .  I n  o t h e r  w o r d s , th e  b e n d in g  m o m e n t  in  
th e  p ip e  w a l l  i s  in  in v e r s e  p r o p o r t io n  to th e  c o m p r e s s io n  fo r c e ,  
w it h  o t h e r  c o n d it io n s  b e in g  e q u a l. I n  c o n c lu s io n ,  th e  p r e s t r e s s in g  
f o r c e  r e s u lt s  in  a  s ig n if ic a n t  d e c r e a s e  o f  b e n d in g  m o m e n t  in  th e  
p ip e  w a ll ,  c o m p a r e d  to n o n -p r e s t r e s s e d  p ip e  ( S e r ie s  N o . S X X X ) .
♦  F i n a l ly ,  th e  s t r e s s  r e s p o n s e s  o f  p r e s t r e s s e d  a n d  n o n -p r e s t r e s s e d
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p ip e s  a re  s u m m a r is e d  in  F i g u r e s  6 .1 4 , 6 . 1 5  a n d  6 .1 6 .  N o  
d is t in c t iv e  d if f e r e n c e s  in  r a d ia l  e a r th  p r e s s u r e s  c a n  b e  o b s e r v e d .  
H o w e v e r ,  th e  c h a r a c t e r is t ic s  o f  th e  r e s u lt in g  b e n d in g  s t r e s s e s  
a n d  m o m e n t s  a p p e a r  q u it e  d if f e r e n t  d u e  to th e  c o m p r e s s io n  fo r c e .
T h e  c o m b in e d  e f f e c t  o f  in t e r n a l  p r e s s u r e  a n d  c o m p r e s s io n  f o r c e  h a s  a ls o  
b e e n  e x a m in e d , in  o r d e r  to e v a lu a t e  th e  c r i t ic a l  f a c t o r s  f o r  th e  d e s ig n .  I t  
i s  w o r t h  e m p h a s is in g  t h a t  n o  d e f in it iv e  a n s w e r  c o n c e r n in g  th e s e s  
is s u e s  w a s  a v a i la b le  p r io r  to s im u la t io n  w it h  f in it e  e le m e n t  a n a ly s is ,  in  
w h ic h  a c t u a l  f ie ld  c o n d it io n s  a n d  p r o c e d u r e s  c o u ld  b e  m o d e lle d .
6.1.4 C onstitutive models
T h e  c o n s t it u t iv e  s o i l  m o d e ls  a v a i la b le  in  C R I S P 9 4  a r e  c la s s if ie d  in to  
th r e e  m a jo r  g r o u p s ;  ( i)  l in e a r  e la s t ic ,  ( ii)  l in e a r  e la s t ic  p e r f e c t ly -p la s t ic ,  
a n d  ( i i i)  c r i t ic a l  s t a t e . T h e  r i g i d  p ip e  w a s  a s s u m e d  to  b e h a v e  a s  a n  
h o m o g e n e o u s  is o t r o p ic  l in e a r  e la s t ic  m a t e r ia l,  r e q u ir in g  o n ly  tw o  
in d e p e n d e n t  c o n s t a n t s .  T h i s  m o d e l w a s  v e r if ie d  b y  c o m p a r in g  th e  o u tp u t  
o f C R I S P  w it h  th e  a n a ly t ic a l  s o lu t io n  o b t a in e d  u s in g  th e  t w o -e d g e  
lo a d in g  s c h e m e : th e  b e n d in g  m o m e n t  s t r e s s  d is t r ib u t io n  o b t a in e d  fr o m  
th e  f in it e  e le m e n t  a n a l y s is  w a s  in  g o o d  a g r e e m e n t  w it h  t h a t  f r o m  th e  
e la s t ic  s o lu t io n . F r o m  t h is ,  th e  q u e s t io n  a r is e s  a b o u t  th e  m a jo r  f a c to r  
in f lu e n c in g  b e n d in g  m o m e n t  in  th e  p r e s t r e s s e d  p ip e  w a l l  fo r  a  g iv e n  
c o n d it io n . T h e  f o llo w in g  f a c t s  a r e  c o n s id e r e d .
♦  F o r  th e  m o d e l o f  t w o -e d g e  lo a d in g  fo r  n o n -p r e s t r e s s e d  r ig id  
p ip e , a n a ly s e s  u s i n g  to o  f e w  e le m e n t s  in d ic a t e  t h a t  th e  
in d u c e d  b e n d in g  m o m e n t  is  ( i)  g e n e r a l ly  lo w e r  t h a n  th e  
a n a ly t ic a l  s o lu t io n  a n d  ( ii)  in  p r o p o r t io n  to th e  s t if f n e s s  o f  th e  
p ip e  w a ll .  T h e r e f o r e ,  th e  n u m b e r  o f  e le m e n t s  w e r e  o n e  o f  th e  
m a jo r  f a c t o r s ,  a n d  s h o u ld  b e  o p t im is e d .
♦  I t  is  im p o r t a n t  to  n o te  t h a t ;
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(i)  I n  F i g u r e  6 . 1 7 ( a )  f o r  p r e s t r e s s e d  p ip e , th e  r e s u lt in g  
b e n d in g  m o m e n t  d is t r ib u t io n  a r o u n d  th e  p ip e  w a l l  a p p e a r s  
g e n e r a l ly  lo w e r  t h a n  t h a t  f o r  th e  a n a ly t ic a l  s o lu t io n , a n d  
i t  g r a d u a lly  in c r e a s e s  w it h  in c r e a s in g  s t if f n e s s  o f  p ip e  
w a ll .  F r o m  t h is ,  i t  is  c o n c lu d e d  t h a t  th e  in d u c e d  b e n d in g  
m o m e n t  is  s ig n if ic a n t ly  in f lu e n c e d  b y  th e  p r e s t r e s s in g  
e ffe c t.
( ii)  H o w e v e r ,  in  F i g u r e  6 . 1 7 ( b )  fo r  n o n -p r e s t r e s s e d  p ip e , 
w h e n  u s in g  a n  a p p r o p r ia te  n u m b e r  o f  e le m e n t s  110 
c h a n g e s  in  b e n d in g  m o m e n t  c a n  b e  f o u n d , r e g a r d le s s  o f  
t h e  p ip e  w a l l  s t if f n e s s .
♦  T h e  r e a s o n  w h y  th e  c o m p r e s s io n  f o r c e  r e s u lt s  in  a  
d e c r e a s e  o f  b e n d in g  m o m e n t  is  u n c le a r  to d a te , b u t , a s  e x p la in e d  
b e fo re , th e  a c t u a l  b e h a v io u r  o f  p r e s t r e s s e d  p ip e  a p p e a r s  to b e  
q u ite  d if f e r e n t  to n o n -p r e s t r e s s e d  p ip e  d u e  to th e  c o m p r e s s io n  
f o r c e .
A  l in e a r  e la s t ic  p e r f e c t ly -p la s t ic  s o il  m o d e l w it h  th e  M o h r -C o u l o m b  
c r it e r io n  h a s  b e e n  u s e d  f o r  th e  f i l l  m a t e r ia l .  T h i s  m o d e l i s  c o m m o n ly  
e m p lo y e d  in  g e o t e c h n ic a l  e n g in e e r in g  p r o b le m s , s in c e  i t  m a k e s  it  
p o s s ib le  to l im it  th e  s h e a r  s t r e n g t h . H o w e v e r ,  th e  n a t u r a l  g r o u n d  h a s  
b e e n  c o n s id e r e d  a s  a  l in e a r  e la s t ic  m a t e r ia l  d u e  to  th e  v a r io u s  
u n c e r t a in t ie s ,  s u c h  a s  i n - s i t u  s t r e s s e s ,  s t if f n e s s e s  a n d  t im e -d e p e n d e n t  
d e fo r m a t io n  c h a r a c t e r is t ic s .  T h e  l in e a r  e la s t ic  r e s p o n s e  c a n  g e n e r a l ly  b e  
a c c e p t e d  in  s o i l - s t r u c t u r e  in t e r a c t io n  p r o b le m s  w h e r e  s m a l l  s t r a in  is  
e x p e c te d . M o r e o v e r ,  f o r  s a n d s  c e m e n t e d  w it h  s i l ic a t e s  a n d  ir o n  o x id e s ,  
t h is  m o d e l s e e m s  to  b e  r e a s o n a b le . I t  h a s  b e e n  r e p o r t e d  b y  m a n y  o th e r  
r e s e a r c h e r s  t h a t  th e  s t r e s s  d is t r ib u t io n s  fo r  t h e s e  s o il  m o d e ls  a re  in  
r e a s o n a b ly  a g r e e m e n t  w it h  S p a n g le r 's  e a r ly  e x p e r im e n t s  a n d  o th e r s  
u s in g  s m a l l  d ia m e t e r  r e in f o r c e d  c o n c r e t e  p ip e , b u t  n o  p u b lis h e d  
e x p e r im e n t s  011 la r g e  d ia m e t e r  p ip e  a re  a v a ila b e .
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6.2 Laboratory  T e s ts  and Full Scale Experim ents
T h e  m e c h a n ic a l  r e s p o n s e  o f  a  b u r ie d  p ip e  is  a c c o m p a n ie d  b y
c o m p le x  s o i l  a n d  p ip e  in t e r a c t io n , a r is in g  f r o m  th e  n o n lin e a r  in e la s t ic  
b e h a v io u r  o f  c o n s t it u e n t  m a t e r ia ls .  I t  i s  th e r e fo r e  im p o s s ib le  to p r e d ic t  
t h e  r e a l  b e h a v io u r  o f  th e  w h o le  s t r u c t u r e  p r e c is e ly .  In  t h is  r e s p e c t ,  th e  
o n ly  a lt e r n a t iv e  is  to a tt e m p t  f u ll  s c a le  t r ia ls  in  th e  f ie ld , t o g e t h e r  w it h  
la b o r a t o r y  t e s t s  f o r  in d iv id u a l  m a t e r ia ls  in  d e ta il.
6.2.1 E lastic modulus of concrete
A  s u m m a r y  a n d  d is c u s s io n  o f  th e  la b o r a t o r y  t e s t s  f o r  d e t e r m in in g  th e  
e la s t ic  m o d u lu s  o f  c o n c r e t e  u s e d  in  th e  p r e s t r e s s e d  p ip e  ( c o n d u c t e d  a t  
th e  G M R P  la b o r a t o r ie s  in  L i b y a  ( D A C ,  1 9 9 2 )  a n d  U n i v e r s it e  d e
S h e r b r o o k e  in  C a n a d a  ( D A C ,  1 9 9 6 a  a n d  1 9 9 6 b ) )  a re  p r o v id e d  in  t h is  
s e c t io n . T h e  m e a n  e la s t ic  m o d u lu s  a n d  c o m p r e s s iv e  s t r e n g t h  f o r  2 0  
s p e c im e n s  in  L i b y a  w e r e  r e c o r d e d  a t  a r o u n d  3 4 G P a  a n d  S O M P a ,
r e s p e c t iv e ly .  T h e  m e a n  e la s t ic  m o d u lu s  a n d  c o m p r e s s iv e  s t r e n g t h  f o r  1 0  
s p e c im e n s  in  C a n a d a  w e r e  a r o u n d  4 0 G P a  a n d  4 7 M P a ,  r e s p e c t iv e ly .
♦  T h e  b e h a v io u r  o f  th e  c o n c r e t e  a p p e a r s  to b e  a  c l a s s i c a l  l in e a r
r e s p o n s e  u p  to  a  c e r t a in  s t r e s s  le v e l, a n d  t h e n  a  n o n - l in e a r
r e s p o n s e  u n t i l  c r a c k in g  o c c u r s .  F o r  h ig h  s t r e n g t h  c o n c r e t e  n o  
d is t in c t iv e  d if f e r e n c e s  b e t w e e n  th e  in it ia l  t a n g e n t  m o d u lu s  a n d
s e c a n t  m o d u lu s  c o u ld  b e  fo u n d , a n d  th e  in it ia l  l in e a r  r e s p o n s e
w a s  e x t e n d e d  f a r  h ig h e r  t h a n  4 0 %  o f u lt im a t e  s t r e n g t h  of
c o n c r e t e .
♦  T h e  m e a n  e la s t ic  m o d u lu s  o f  c o n c r e t e  u s in g  n a t u r a l  a g g r e g a t e s
f r o m  th e  B r e g a  p la n t  ( 3 7 G P a )  is  c o n s id e r a b ly  lo w e r  t h a n  t h a t  
u s in g  c r u s h e d  a g g r e g a t e s  f r o m  th e  S a r i r  p la n t  ( 4 4 G P a ) .  In
c o n t r a s t ,  th e  m e a n  c o m p r e s s iv e  s t r e n g t h  o f  c o n c r e t e  f r o m  th e  
B r e g a  p la n t  w a s  a  l it t le  h ig h e r  ( 4 7 .8 M P a ) ,  c o m p a r e d  to th e  S a r ir  
p la n t  ( 4 6 .4 M P a ) , b u t  th e  d if f e r e n c e  is  a lm o s t  in s ig n if ic a n t .
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♦  A s  s h o w n  in  F i g u r e  6 .1 8 , n o  c le a r  r e la t io n s h ip  e x is t s  b e t w e e n  
e la s t ic  m o d u lu s  a n d  c o n c r e t e  s t r e n g t h , b e c a u s e  o f  b o th  d if f e r e n t  
r a w  m a t e r ia ls  a n d  d if f e r e n t  la b o r a t o r ie s . H o w e v e r ,  f o r  a  g iv e n
c o n d it io n , th e  e la s t ic  - m o d u lu s  o f  c o n c r e t e  is  g e n e r a l ly  s e e n  to 
in c r e a s e ,  w it h  in c r e a s in g  s t r e n g t h .
6.2.2 T h ree-ed ge bearing te sts
F u l l  s c a le  t h r e e -e d g e  b e a r in g  t e s t s  w e r e  c a r r ie d  o u t  to  in v e s t ig a t e  th e  
a c t u a l  b e h a v io u r  o f  la r g e  d ia m e t e r  p r e s t r e s s e d  c o n c r e t e  c y l in d e r  p ip e  
( P C C P )  a t  th e  G M R P  s it e  in  L i b y a  ( S e e  F i g u r e  2 .1 0 )  a c c o r d in g  to th e  
p r o c e d u r e  d e s c r ib e d  in  A S T M  C 4 9 7 .  T h e  s p e c im e n  o f  p ip e  w a s  2 .5  
m e t r e s  lo n g , ir r e s p e c t iv e  o f  p ip e  d ia m e t e r . T h e  r a t io  o f  c o n c r e t e  c o re  
t h ic k n e s s  to p ip e  in s id e  d ia m e t e r  w a s  f ix e d  a t a  m in im u m  v a lu e  o f 1 / 1 6  
f o r  th e  a s p e c t  o f  s e r v ic e a b i l i t y  c o n t r o l. A  g iv e n  t e s t  w a s  c o n t in u e d  u n t il  
a  lo n g it u d in a l  c r a c k  0 .0 2 5 m m  w id e  r e a c h e d  a  le n g t h  o f 3 0 0 m m . T y p i c a l  
lo a d -d e f le c t io n  c u r v e s  fo r  v a r io u s  s iz e s  o f P C C P  a r e  s u m m a r is e d  in  
F i g u r e s  6 .1 9  ( fo r  tw o  id e n t ic a l  P C C P s  w it h  a  d ia m e t e r  o f  4 0 0 0  m m )  a n d  
6.20  ( fo r  d if f e r e n t  p ip e  s iz e  a n d  a r e a  o f  p r e s t r e s s in g  w ir e s ) .
♦  In  F i g u r e  6 .1 9 ,  th e  lo a d -d e f o r m a t io n  b e h a v io u r  o f th e  tw o  p ip e s  
a p p e a r s  id e n t ic a l.  M o r e o v e r , th e  s lo p e  o f th e  lo a d -d e f o r m a t io n  
c u r v e  g r a d u a lly  in c r e a s e s  w it h  a n  in c r e a s e  o f  th e  a p p lie d  lo a d .  
T h e r e f o r e ,  th e  b e h a v io u r  o f  p ip e  a p p e a r s  to b e  n o n - l in e a r .
♦  W it h  a n  in c r e a s in g  q u a n t it y  o f  p r e s t r e s s in g  w ir e s ,  th e  s lo p e  o f  
th e  c u r v e  r e d u c e s ,  a s  s h o w n  in  F i g u r e  6 .2 0 , a lt h o u g h  n o  
d if f e r e n c e  in  th e  o v e r a l l  f o r m  o f th e  c u r v e  is  o b s e r v e d .
♦  I n  g e n e r a l,  th e  c h a r a c t e r  o f  d e f o r m a t io n  a p p e a r s  p r o p o r t io n a l to  
th e  f le x u r a l  r i g i d i t y  o f  th e  p ip e  s e c t io n . T h i s  r e s u lt s  in  th e  
d e f o r m a t io n  o f  a  la r g e  d ia m e t e r  p ip e  b e in g  le s s  t h a n  t h a t  o f  a  
s m a l l  d ia m e t e r  p ip e . T h e  f ir s t  v is ib le  c r a c k s  c o r r e s p o n d in g  to th e
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d e s ig n  t h r e e -e d g e  b e a r in g  lo a d , W 00l, e m p lo y e d  in  th e  A W W A
C 3 0 1 - 8 4  A p p e n d i x - A  d e s ig n  m e th o d  o c c u r r e d  w h e n  th e  
d e fo r m a t io n  o f  p ip e  r e a c h e d  a r o u n d  1 0  to 1 5 m m  in  th e  v e r t ic a l  
d ir e c t io n . T h e  t h r e e -e d g e  b e a r in g  lo a d s  a re  in  p r o p o r t io n  to th e  
a r e a  o f  p r e s t r e s s in g  w ir e s  a n d  th e  s q u a r e  o f  w a l l  t h ic k n e s s ,
a n d  in  in v e r s e  p r o p o r t io n  to th e  m e a n  d ia m e t e r  o f  th e  p ip e .
♦  I n  c o n c lu s io n ,  th e  b e h a v io u r  o f  th e  la r g e  d ia m e t e r  r i g i d  p ip e  
e x h ib it s  a  c le a r ly  n o n lin e a r  r e s p o n s e  d u r in g  th e  t h r e e -e d g e  
b e a r in g  t e s t . H o w e v e r ,  i t  w o u ld  a p p e a r  t h a t  th e  r e s p o n s e  c a n  b e  
a s s u m e d  l in e a r  o v e r  a  s m a l l  r a n g e  o f  e x t e r n a l  lo a d , a s  u n d e r
w o r k in g  c o n d it io n s .  I n  r e a l it y ,  th e  c o m b in a t io n  o f th e  r a d ia l  e a r th
p r e s s u r e s  m a k e s  it  p o s s ib le  to  im p ly  t h a t  th e  e x t e r n a l  lo a d s  a re  
f a r  s m a l le r  t h a n  t l ir e e -e d g e  b e a r in g  lo a d  u s e d  in  d e s ig n .
6.2.3 Pipe installation site  trials
T h e  r e s u lt s  o f  th e  f u l l  s c a le  s ite  t r ia ls  c a r r ie d  o u t  a t  th e  G M R P  s ite
( D A C ,  1 9 9 1 )  a r e  b r ie f ly  r e v ie w e d  a n d  d is c u s s e d  in  t h is  s e c t io n , b a s e d  o n  
th e  p ip e  in s t a l la t io n  f ie ld  t r ia ls  r e p o rt . T h e  p u r p o s e  o f  t h is  t r ia l  w a s  to 
id e n t if y  p r e f e r r e d  in s t a l la t io n  p r o c e d u r e s , a n d  to c o n f ir m  th e  d e g r e e  o f  
c o m p a c t io n  in  th e  s h a p e d  b e d d in g  a n d  in  th e  d if f e r e n t  z o n e s  o f  
b a c k f i l l in g .  I n  a d d it io n , th e  f o llo w in g  a s p e c t s  w e r e  c o n s id e r e d :
( i)  th e  e f f e c t iv e n e s s  o f  s h a p e d  b e d d in g
( ii)  th e  c o n s t r u c t io n  m e th o d  o f  s h a p e d  b e d d in g
( ii i)  a lt e r n a t iv e  b e d d in g  m a t e r ia ls  a v a i la b le  in  th e  f ie ld
T h e  p r o c e d u r e  f o r  th e  s it e  t r ia ls  w a s  a lm o s t  id e n t ic a l  w it h  th e  s h a p e d  
b e d d in g  in s t a l la t io n  p r o c e d u r e  d e s c r ib e d  in  S e c t io n  5 .3 . 1 .  S o m e  o f  th e  
f ie ld  t r ia ls  h a d  lo o s e n e d  in v e r t s .  A  s o i l  d e n s it y  w h ic h  w a s  lo w e r  u n d e r  
th e  p ip e  in v e r t  t h a n  u n d e r  th e  h a u n c h e s  w a s  p r o v id e d  b y  u s in g  a  
s e r r a t e d  te e th  a r r a n g e m e n t  a t t a c h e d  to th e  b u lld o z e r , in  o r d e r  to e n s u r e  
a  s p e c ia l  p r o f ile  o f  a  lo o s e n e d  c o m p a c t e d  b e d .
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T h e  p r o p e r t ie s  a n d  d e g r e e  o f c o m p a c t io n  o f th e  b e d d in g  a n d  b a c k f il l in g  
m a t e r ia ls  s h o w n  in  F i g u r e  6 .2 1  a re :
In v e r t  : T h e  d e n s it y  in  th e  c e n t r a l  in v e r t  s t r ip  ( i.e . th e
m id d le  t h ir d  o f  o u t s id e  d ia m e t e r  o f  th e  p ip e , D 0/ 3 )  
is  le s s  t h a n  th e  d e n s it y  a t  th e  h a u n c h e s ,  a n d  a ll  
b e d d in g  m a t e r ia ls  a re  c o m p a c t e d  to  a  m in im u m  
7 0 %  r e la t iv e  d e n s it y .
B e d d in g :  1 0 0 %  o f  m a t e r ia l  s h o u ld  p a s s  th e  5 0 .8 m m  s ie v e ,
9 5 - 1 0 0 %  p a s s  th e  2 5 .4 m m  s ie v e ,  a n d  0 - 1 2 %  
p a s s  th e  N o .2 0 0  s ie v e .  D e n s i t y  to  b e  m in im u m  
7 0 %  r e la t iv e  d e n s it y  ( 9 5 %  s t a n d a r d  P r o c t o r ) .
Z o n e  I B a c k f i l l  -  M a x im u m  s iz e  1 5 0 m m  a n d  n o t m o re  th a n  
1 0 %  g r e a te r  t h a n  7 5 m m . D e n s it y  b e tw e e n  s p r in g lin e  
a n d  D 0/ 5  lin e  to b e  m in im u m  7 0 %  r e la t iv e  d e n s ity  
( 9 5 %  s t a n d a r d  P r o c to r ) . D e n s it y  o f  th e  m a t e r ia l  a b o v e  
th e  D 0/ 5  l in e  (s e e  F ig u r e  >6.21) to b e  m in im u m  9 0 %  
s t a n d a r d  P r o c to r .
Z o n e  I I :  B a c k f i l l  -  D e n s i t y  to b e  m in im u m  9 0 %  s t a n d a r d
P r o c t o r , m a x im u m  s iz e  5 0 0 m m . T h e  f in is h e d  
s u r f a c e  i s  e v e n ly  g r a d e d .
Z o n e  I I I :  B a c k f i l l  -  M a x im u m  s iz e  7 5 m m . D e n s i t y  to b e
m in im u m  9 0 %  s t a n d a r d  P r o c to r .
I n it ia l ly ,  th e  p ip e  w a s  d e f le c te d  v e r t ic a l ly  d u e  to it s  s e l f - w e i g h t  d u r in g  
s t o r a g e  a n d  t r a n s p o r t a t io n . P la c in g  th e  p ip e  in  th e  d e s ig n e d  s h a p e d  
b e d d in g  c o n f ig u r a t io n  w it h  a  r a d iu s  o f  c u r v a t u r e  s m a l le r  t h a n  th e  p ip e  
o u t s id e  d ia m e t e r  ( t e r m e d  m o d if ie d  s h a p e d  b e d d in g )  e n s u r e d  p o s it iv e  
s u p p o r t  in  th e  h a u n c h  r e g io n . T h i s  c a u s e d  s o m e  o f  th e  d e f le c te d  s h a p e
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to b e  r e c o v e r e d . T h e  g e n e r a l  o b s e r v e d  b e h a v io u r  o f  th e  p ip e s  a re
s u m m a r is e d  b e lo w . H e r e ,  th e  d is c u s s io n  i s  l im it e d  to th e  p ip e s  in s t a l le d  
in  th e  s h a p e d  b e d d in g  w it h  a  lo o s e n e d  in v e r t .  F i g u r e  6 .2 2  i s  a  t y p ic a l  
r e p r e s e n t a t io n  o f  th e  m e a s u r e m e n t s  o b t a in e d  b y  d ig it a l  m e a s u r in g  r o d  
( L V D T )  a n d  s t r a in  g a u g e  a t  e a c h  w o r k  s t a g e .
♦  T h e  s e t t le m e n t  o f  b e d d in g  m a t e r ia l  p la c e d  a t  th e  m id d le  t h ir d
p o in t s  o n  th e  p ip e  in v e r t  is  a b o u t  6m m , r e s u lt in g  f r o m  a
lo o s e n e d  in v e r t  o r  v a r y i n g  c o m p a c t io n  le v e ls .  C o m p a r e d  w it h  th e  
r e s u lt s  o f th e  C R I S P  a n a l y s is ,  t h is  v a lu e  is  a  l it t le  la r g e ,
w h ic h  s e e m s  to  b e  d u e  to  th e  lo w e r  s t if f n e s s  o f  th e  s it e  b e d d in g
t h a n  t h a t  a s s u m e d  in  th e  a n a ly s is .
♦  T h e  h o r iz o n t a l  d e f le c t io n s  a t  s t a g e  5  ( c o m p le t io n  o f
s u r c h a r g e ,  1 3  h o u r s )  w e r e  r e c o r d e d  a t  ± 2 m m  c o m p a r e d  to th e  
b a s e  m e a s u r e m e n t  a t  s t a g e  1 .  N o  c h a n g e  in  th e  h o r iz o n t a l  
d ia m e t e r  w a s  o b s e r v e d , im p ly in g  t h a t  th e  p ip e s  in  th e  f ie ld  t r ia ls  
w e r e  f ir m ly  s u p p o r t e d  a t  th e  h a u n c h e s  ( In  s o m e  p ip e s  
th e  h o r iz o n t a l  d ia m e t e r  a c t u a l ly  r e d u c e d .) . T h e  v e r t ic a l  d e f le c t io n s  
w e r e  a ls o  s m a ll ,  0 to 2 m m  f o r  p ip e s  c o m p a r e d  to  th e  b a s e  
m e a s u r e m e n t s  a t  s t a g e  1 .  F r o m  t h is ,  it  c a n  b e  s e e n  t h a t  th e  
p ip e s  w e r e  f ir m ly  s u p p o r t e d  a t  th e  h a u n c h  a r e a s  b u t  n o t  a t  th e  
in v e r t .
♦  T h e  D e m e c  g a u g e  m e a s u r e m e n t s  o f  s t r a in  a t  th e  s p r in g l in e  a t
s t a g e  2  e x h ib it e d  a  la r g e  in c r e a s e  in  th e  le n g t h  g a u g e , in d ic a t in g  
t h a t  th e  p ip e s  w e r e  r e -r o u n d e d  d u e  to th e  f ir m  s u p p o r t  o f th e  
p ip e  a t  th e  h a u n c h e s .  T h e  m e a n  s t r a in s  a t  s t a g e  5  w e r e  a lm o s t  
id e n t ic a l  w it h  th e  b a s e  m e a s u r e m e n t  a t  s t a g e  1 , im p ly in g  t h a t  
th e  d e f le c t io n  a t  s t a g e  5  w a s  a lm o s t  th e  s a m e  a s  t h a t  a t  s t a g e  
1 .
♦  T h e  s t r a in s  f o r  th e  in v e r t  te n d e d  to d e c r e a s e  c o n s is t e n t ly  w it h
th e  p r o g r e s s  o f  th e  w o r k , w h ic h  is  f u r t h e r  e v id e n c e  to s u p p o r t  
t h a t  th e  p ip e  is  r e -r o u n d e d .  T h e  m e a n  s t r a in s  a t  s t a g e  5
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a p p e a r e d  le s s  t h a n  a t  s t a g e  1  a n d  s t a g e  2 . T h a t  is ,  a t  s t a g e  5  
( a f t e r  1 3  h o u r s  o f  to ta l a p p lie d  e a r t h  lo a d ), th e  p ip e s  g a in e d  in  
c o m p r e s s iv e  s t r a in  a t  th e  in v e r t  c o m p a r e d  to th e  b a s e  in v e r t  
m e a s u r e m e n t s .
♦  A s  c a n  b e  s e e n  in  F i g u r e  6 .2 2 , th e  r e s u lt s  o f  s t r a in  
m e a s u r e m e n t s  f o r  th e  h a u n c h  in d ic a t e d  t h a t  th e  p ip e s  w e r e  
f ir m ly  s u p p o r t e d  a t  th e  h a u n c h e s .  T h e  F i g u r e s  s h o w e d  a b o u t  th e  
s a m e  p a tt e r n  a n d  th e  m e a s u r e m e n t s  r e m a in  p r a c t ic a l ly  th e  s a m e  
t h r o u g h o u t  th e  v a r io u s  b a c k f i l l in g  s t a g e s  f r o m  s t a g e  2  to s t a g e
5 .
I n  g e n e r a l,  n o  s ig n if ic a n t  d if f e r e n c e s  in  th e  p ip e  b e h a v io u r  c a n  b e  f o u n d  
w h e n  c o m p a r in g  th e  f ie ld  t r ia l  d a t a  w it h  th e  r e s u lt s  o b t a in e d  f r o m  th e  
f in it e  e le m e n t  a n a ly s e s .  M o r e o v e r , it  h a s  b e e n  c o n f ir m e d  t h a t  it  is  
p r a c t ic a b le  to  in s t a l l  p r e s t r e s s e d  c o n c r e t e  p ip e  o v e r  a  p r e -s h a p e d  
b e d d in g . T h e  in v e r t  c a n  b e  lo o s e n e d  in  o rd e r  to e n s u r e  th e  p e a k  
s u p p o r t in g  p r e s s u r e s  a re  s h if t e d  t o w a r d  th e  e x t r e m it ie s  o f  th e  b e d d in g .
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Figure 6.1 Radial earth pressure distributions (S345-03)
Inside diameter of pipe (ID) = 4.0in, Earth cover 
(EC) = 3.0m, Soil density above the top of the pipe 
(TSD) = 18kN/cu.m, Pipe wall stiffness (Ec) = 
88GPa, Surrounding soil stiffness (Es) = 60MPa, 
Max. earth pressure at haunch area = 212kPa
Figure 6.2 Bending stress and moment distributions (S345-03)
ID = 4.0m, EC = 3.0m, TSD = 18kN/cu.m, Ec = 88GPa, 
Es = 60MPa
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Note : Standard shaped bedding : SIXX, S2XX, S3XX, S4XX 
Modified shaped bedding: S6XX, S7XX, S8XX 
Details of bedding condition are provide in Figures 5.2(a) 
and 5.3.
Figure 6.3 Relation of bending moment and elastic modulus of 
surrounding soil due to pipe weight and earth load, 
Complete positive projection condition (He>H) (See 
Figure 2.8(a)), ID = 4.0m, EC = 3.0m, TSD = 
18kN/cu.m, Ec = 88GPa
(a) Basic concept of modified shaped bedding
(b) Radial earth pressure distribution (S645-03)
Figure 6.4 Modified shaped bedding installation
S6XX, S7XX, S8XX (See Figure 5.2(a).)
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Figure 6.5 Relation between bending moment and elastic 
modulus of pipe wall due to pipe weight and 
earth pressures, ID -  4.0 m, EC = 3.0 m, TSD 
= 18kN/cu.in, Es = 20MPa and 60MPa
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Earth cover from top of pipe, m
Figure 6.6 Vertical and horizontal stresses in soils adjacent 
to pipe crown, support and springline as a 
function of earth cover due to pipe weight and 
earth loads (C7vX-XX)
ID=4.0 m, TSD=18 kN/cu.m, Ec=88 GPa
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Figure 6.7 Bending moment diagrams at pipe support, crown and springline 
as a function of earth cover due to pipe weight, earth loads and 
internal water pressure (C7v3-XX)
ID = 4.0 m, TSD = 18 kN/cu.m, Ec = 44 GPa
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Figure 6.8 Increase of flexural stresses at innerand outer 
fibres due to water weight and internal water 
pressure of 10 bar for non-prestressed rigid 
pipe (C7v5-03XX), ID = 4.0m, EC = 3. m,
TSD = 18kN/cu.m, Ec = 88 GPa
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Figure 6.9 Distribution of vertical and horizontal stresses in soils 
around pipe top, bottom and springline after 
completion of backfilling (D245-03)
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Figure 6.10 Distribution of vertical and horizontal displacements of soils 
around pipe top, bottom and springline after completion of 
backfilling (D245-03)
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Figure 6.11 Stress-displacement curves for soils placed near pipe top, springline 
and bottom following construction sequence and increase of internal 
pressure (D245-XXXX), ID = 4.0 m, TSD = 18 kN/cu.m, Ec = 88 GPa, 
Es = 60 MPa
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Figure 6.12 Changes in vertical and horizontal diameters of prestressed pipes during 
construction and service for various stiffness of pipe wall and installation 
conditions ID = 4.0 m, EC = 3.0 m, TSD = 18 kN/cu.m, Ec = 44 GPa, Es = 
60 MPa
Work stage:
1. Backfilling upto 1m
2. Backfilling upto 2m
3. Backfilling upto 3m
5. Water filling 
10.10 bar
20. 20 bar 
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Figure 6.13 Bending moments induced during construction and water 
transmission for prestressed and non-prestressed pipes 
ID = 4.0 m, EC = 3.0 m, TSD = 18 kN/cu.m, Es = 60 MPa
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Figure 6.14 Comparison of radial earth pressure distributions 
between prestressed and non-prestressed pipes 
(S743-0320 vs Q743-0320), ID = 4.0m, EC = 3.0m, 
TSD = 18kN/cu.m, Ec = 44GPa, Es = 60MPa
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S743-0320: inner fibre
S743-0320: outer fibre
Q743-0320: inner fibre
Q743-0320: outer fibre
- t o -
Figure 6.15 Comparison of bending stress distributions
between prestressed and non-prestressed pipes 
(S743-0320 vs Q743-0320), ID = 4.0m, EC = 3.0m, 
TSD = 18kN/cu.m, Ec= 44GPa, Es= 60MPa
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(S743-0320) .
pipe
Figure 6.16 Comparison of bending moment distributions 
between prestressed and non-prestressed pipes 
(S743-0320 vs Q743-0320), ID = 4.0m, EC = 3.0m, 
TSD = 18kN/cu.m, Ec == 44GPa, Es = 60MPa
i
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Figure 6.17 Change in bending moment distribution for prestressed 
and non-prestressed pipe due to two edge loads at pipe 
top and bottom, ID = 4.0 m, tw = 280 mm, Compression 
= 2000 kPa, Load = 509.6 kN/m
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Note: 1. The numbers 1 to 4 indicate the test series 
described in Section 4.3.1.
2. The data are based on the mean strength not the 
characteristic strength used for the international 
standard.
Figure 6.18 Elastic modulus of concrete as a function 
of concrete strength (DAC, 1992,1996a 
andl996b)
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Figure 6.19 Load-deflection curves for 4000mm diameter 
prestressed concrete cylinder pipe during 
three-edge bearing test
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Figure 6.20 Load-deflection curves as a function of pipe size and steel area 
(Wire size : 4.88mm, Core thickness / Pipe dia. = 1/16)
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Note : W ork Stage 1 Implies th a t pipe is placed 
in tem porary storage alongside the trench.
Figure 6.21 Pipe bedding and backfilling
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Figure 6.22 Displacement and strain measurements a t each work stage
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C H A P T E R  7  -  C O N C L U S I O N S
T h i s  c h a p te r  c o m p r is e s  th re e  m a in  s e c t io n s . I t  b e g in s  w it h  a  r e s ta te m e n t  o f  
th e  p r o b le m s /is s u e s  p r e s e n te d  a t  th e  o u ts e t  o f th e  th e s is , a n d  th e n  p r o v id e s  
c o n c lu s io n s  a n d  p r a c t ic a l im p lic a t io n s  o f th e  m a in  f in d in g s . F in a l ly ,  
r e c o m m e n d a tio n s  r e g a r d in g  th e  d ire c t io n  o f  p o s s ib le  f u tu re  w o r k  a re  g iv e n .
T h e  o v e r a ll  in te n t io n  o f t h is  t h e s is  w a s  to u s e  n u m e r ic a l m o d e llin g  to 
e v a lu a te  p r a c t ic a l g u id e lin e s  fo r  s o il a n d  la r g e  d ia m e te r  r ig id  p ip e  
in te r a c t io n  p ro b le m s , a n d  to g iv e  a  d e ta ile d  c r it iq u e  fo llo w e d  b y  a n  
e x p la n a t io n  o f th e  a lte r n a t iv e  b a s ic  g e n e r a l c r ite r ia  fo r  a s s e s s in g  f ie ld  
p e rfo rm a n c e . N u m e r ic a l  m o d e llin g  w a s  c a r r ie d  o u t to e x a m in e  th e  re a l  
b e h a v io u r  o f b o th  p r e s t r e s s e d  p ip e  a n d  n o n -p r e s t r e s s e d  p ip e.
S in c e  n o  s p e c if ic  d e s ig n  m e th o d s  fo r  la r g e  d ia m e te r r ig id  p ip e  e x is t , th e  
c u r r e n t  d e s ig n  a p p ro a c h  is  t r a d it io n a lly  b a s e d  o n  e ith e r M a r s t o n -S p a n g le r 's  
s e m i-e m p ir ic a l  m e th o d  ( w h ic h  w a s  o r ig in a lly  d e v e lo p e d  fo r  s m a ll -d ia m e t e r  
re in fo rc e d  c o n c re te  p ip e ) o r  c o n v e n t io n a l e la s t ic  th e o r y  s u it a b ly  g e n e r a lis e d .  
H o w e v e r , th e s e  a p p ro a c h e s  h a v e  in e v it a b ly  le d  to c o n s e r v a t is m  in  the  
d e s ig n , le a d in g  to a  la c k  o f e c o n o m y . M o re  re c e n tly , m o d e s t  f in ite  e le m e n t  
a n a ly s e s  h a v e  b e e n  c o n d u c te d  in  t h is  fie ld , b u t  th e s e  a re  m a in ly  re la te d  to 
e ith e r f le x ib le  p ip e  o r  s m a ll  d ia m e te r  re in fo rc e d  c o n c re te  p ip e : n o  a tte m p t  
’ h a s  b e e n  m a d e  b y  p r e v io u s  r e s e a r c h e r s  to in v e s t ig a te  in  d e ta il the  
in te r a c t io n  p r o b le m s  b e tw e e n  th e  s o il a n d  the la r g e  d ia m e te r  r ig id  
( p r e s t r e s s e d  a n d  n o n -p r e s t r e s s e d )  p ip e.
U n d e r s ta n d in g  th e  b e h a v io u r  o f r e a l e n g in e e r in g  s t r u c t u r e s  is  c e r t a in ly  n o t  
a  s im p le  m a tte r . F o r  in s ta n c e , c u r r e n t  p r a c t ic e  a s s o c ia te d  w it h  s o i l -s t r u c t u r e  
in te r a c t io n  p r o b le m s  c o n s id e r s  o n ly  th a t  th e  e a rth  p r e s s u r e  a n d  it s  
d is t r ib u t io n  o n  a n  u n d e r g r o u n d  s t r u c t u r e  o r  th e  b e h a v io u r  o f s t r u c t u r e  to 
th e  s o il  a re  h ig h ly  d e p e n d e n t u p o n  th e  r e la t iv e  s t if f n e s s  o f th e  s tr u c tu r e  
a n d  th e  s u r r o u n d in g  s o il ( W u  et a l.;19 8 5 , H e g e r ;19 8 8 ) . T h e  s t if fn e s s
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r e la t io n s h ip  b e tw e e n  th e  p ip e  a n d  s o il is  v e r y  im p o rta n t. H o w e v e r ,  
a d d it io n a l f a c to r s  s u c h  a s  th e  m o d e s  o f  p r e s t r e s s in g  a n d  in s t a lla t io n  e ffe cts  
a re  a ls o  o f g r e a t  im p o rta n c e  in  th e  co m p le te  s o lu t io n  o f  b u r ie d  p ip e  
p r o b le m s . M o re o v e r, 110 a c c o u n t  is  t a k e n  in  p r e v io u s  a n a ly s e s  of th e  
in f lu e n c e  o f in te r n a l w a t e r  p r e s s u r e  to g e th e r w ith  th e  c o m p lic a te d  re a c tio n s  
b e tw e e n  th e  p ip e  w a ll  a n d  th e  s u r r o u n d in g  s o il. In  o th e r w o rd s , n o n e  o f th e  
d e s ig n  m e th o d s  r e f le c ts  th e  in t e r -r e la t io n s h ip , te rm e d  h e re  th e  " rebound 
stress response", b e tw e e n  th e  tw o  m e d ia  a n d  its  v a r ia t io n  d u r in g  th e  
c o n s t r u c t io n  se q u e n c e . T h e r e fo r e , o p t im is a t io n  o f th e  s o i l -p ip e  s y s t e m  c a n  
n o t b e  a n t ic ip a te d  w it h  th e  c u r r e n t  d e s ig n  p r a c t ic e . A s  a n  a lte r n a tiv e , o n ly  
th e  f in it e  e le m e n t  m e th o d  h a s  th e  p o t e n t ia l to t a k e  in to  a c c o u n t  a ll  o f  
th e  a b o v e  f a c t o r s  w it h  in t e ll ig e n t  s im p lif ic a t io n s  o f  r e a l it y  fo r  
c o m p lic a t e d  s o i l - s t r u c t u r e  in t e r a c t io n  p r o b le m s . H o w e v e r ,  s o m e  
u n c e r t a in t ie s  r e m a in  in  d e t e r m in in g  th e  in p u t  d a t a  r e g a r d in g  th e  a c t u a l  
m a t e r ia l  p r o p e r t ie s  fo r  u s e  in  f in it e  e le m e n t  a n a ly s e s .
I n  a n  a tt e m p t  to c la r if y  in t e r a c t io n  p r o b le m s  u s in g  th e  f in it e  e le m e n t  
m e th o d , it  m u s t  b e  m a d e  c le a r  th a t, fo r  p r o b le m s  in  m e c h a n ic s ,  a  
c o m p le t e  s o lu t io n  m u s t  s a t i s f y  th e  r e q u ir e m e n t s  o f  e q u ilib r iu m ,  
c o m p a t ib i l i t y  a n d  c o n s t it u t io n .  M o r e o v e r , th e  m o d e ll in g  o f  th e  f ie ld
s it u a t io n ,  in c lu d in g  th e  c o n s t r u c t io n  s e q u e n c e , is  o f  g r e a t  im p o r t a n c e  in  
th e  n u m e r ic a l  a n a ly s is ,  s in c e  it  s ig n if ic a n t ly  a f f e c t s  th e  r e s u lt s  o f th e  
a n a l y s is ;  i.e . ( i)  n u m b e r  o f in c r e m e n t  b lo c k s ,  ( ii)  c h a n g e s  in  g e o m e t r y ,
( i i i)  a p p lic a t io n  o f  lo a d s , ( iv )  d is p la c e m e n t  f ix it ie s ,  a n d  ( v )  e x c e s s  p o re  
p r e s s u r e  f ix it ie s .  F i n a l ly ,  th e  in t e r p r e t a t io n  o f  o u t p u t  f r o m  th e  C R I S P
m a in  p r o g r a m  ( o r  th e  r e s u lt s  f o r  e a c h  s p e c if ie d  in c r e m e n t  o f  th e  f in ite  
e le m e n t  a n a l y s is )  is  a ls o  o f  im p o r t a n c e , f o r  e x a m p le  ( i)  th e  n o d a l
d is p la c e m e n t s  a n d  e x c e s s  p o r e  p r e s s u r e s  in  c o n s o lid a t io n  a n a ly s e s ,  ( ii)  
C a r t e s ia n  s t r e s s e s ,  ( i i i)  c u m u la t iv e  s t r a in s ,  ( iv )  s t r e s s  in v a r ia n t s  ( v )  
o u t - o f - b a l a n c e  lo a d s , a n d  ( v i)  o t h e r  p a r a m e t e r s  s u c h  a s  y ie ld  r a t io s ,  e tc.
S in c e  110 p u b l is h e d  in f o r m a t io n  is  a v a i la b le  o n  th e  in t e r a c t io n  b e t w e e n  
s o il  a n d  la r g e  d ia m e t e r  p r e s t r e s s e d  p ip e , th e  v a l id i t y  o f  n u m e r ic a l  
m o d e ll in g  w h ic h  t a k e s  in to  a c c o u n t  s p e c if ic  f ie ld  c o n d it io n s  s u c h  a s  th e  
p r e s t r e s s in g  a n d  in s t a l la t io n  e f f e c t s  c a n  n o t  b e  c o m p le t e ly  v e r if ie d .
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H o w e v e r ,  s im p lif ie d  c o n d it io n s  w e r e  f u l ly  v e r if ie d  b y  c o m p a r is o n  w it h  
t h e  p u r e  e la s t ic  s o lu t io n  f o r  a  c lo s e d  c ir c u la r  r in g .
T h e  o b je c t iv e  o f t h is  s t u d y  w a s  to a tt e m p t  to m o d e l th e  c o m p lic a t e d  
in t e r a c t io n  b e t w e e n  s o i l  a n d  la r g e  d ia m e t e r  r ig id  p ip e , u s in g  th e  
g e o te c h n ic a l f in ite  e le m e n t p a c k a g e  C R I S P .  P r a c t ic a l  g u id a n c e  w a s  th e n  
g iv e n  f o r  v a r io u s  c o n s t r u c t io n  c o n d it io n s .
T h e  a n a l y s is  h a s  t a k e n  in to  a c c o u n t  th e  in f lu e n c e s  of-
♦  th e  e la s t ic  p r o p e r t ie s  o f  b o th  p ip e  a n d  s u r r o u n d in g  s o il  ( i n - s i t u
a n d  p la c e d /c o m p a c t e d  s o ils )  a s  a  f u n c t io n  o f  c o n f in in g  s t r e s s  
v a r y i n g  w it h  th e  c o n s t r u c t io n  p r o c e d u r e ,
♦  th e  p la c e m e n t , c o m p a c t io n , a n d  a n y  s u b s e q u e n t  v o lu m e t r ic
c h a n g e s  in  th e  s o i ls  p la c e d  a r o u n d  th e  p ip e ,
♦  th e  v a r ia t io n  o f  e a r t h  c o v e r  a n d  g e o m e t r y , r e p l ic a t in g  th e
c o n s t r u c t io n  p r o c e s s ,
♦  th e  b e d d in g  c o n d it io n s  s p e c if ie d  in  th e  d e s ig n ;  i.e . f la t  b e d d in g ,
s t a n d a r d  s h a p e d  b e d d in g , m o d if ie d  s h a p e d  b e d d in g  a n d  c o n t r o lle d  
s h a p e d  b e d d in g ,
♦  th e  w a t e r  w e ig h t  a n d  in t e r n a l  w a t e r  p r e s s u r e s  a p p lie d  to th e
in n e r  s u r f a c e  o f th e  p ip e  w a ll,  a n d
♦  th e  c o m p r e s s io n  f o r c e s  in  th e  p ip e  w a ll,  p r o v id e d  b y  p r e s t r e s s in g
w ir e s  h e l ic a l ly  w r a p p e d  a r o u n d  th e  c o n c r e t e  c o r e  u n d e r  c o n t r o lle d  
t e n s io n .
P ip e s  a re  c o m m o n ly  d iv id e d  in to  th r e e  b r o a d  c la s s if ic a t io n s ;  i.e . r ig id ,  
s e m i - r i g i d  (o r  in t e r m e d ia t e )  a n d  f le x ib le . A lt h o u g h  th e  t e r m s  a r e  b a s e d  
o n  th e  c h a r a c t e r  o f p ip e  d e f o r m a t io n , t h e y  a re  n o t  ' q u a n t it a t iv e .  A s  
d e m o n s t r a t e d  in  th e  r e s u lt s  s e c t io n  c o n c e r n in g  w a l l  s t if f n e s s ,  i t  is  
a lm o s t  im p o s s ib le  to c la r if y  th e  a c t u a l  b e h a v io u r  o f p ip e  fo r  th e  r a n g e  
o f  r e la t iv e  s t if f n e s s e s  o f  th e  p ip e  a n d  s u r r o u n d in g  s o il.  T h e r e f o r e ,  n o  
u n iq u e  s o lu t io n  c a n  b e  p r o v id e d  w it h  c u r r e n t  a n a ly t ic a l  m e th o d s . F r o m  
th e  f in it e  e le m e n t  a n a ly s e s ,  it  is  c o n c lu d e d  th a t  th e  r e s u lt a n t  b e n d in g  
s t r e s s e s  (o r  b e n d in g  m o m e n t s )  in  th e  p ip e  w a ll  a re  g r e a t ly  in f lu e n c e d
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b y  th e  m a t e r ia l  s t if f n e s s ;  s p e c if ic a lly ,  ( i)  th e  s t if f e r  th e  s o il,  th e  s m a lle r  
th e  b e n d in g  s t r e s s e s  a n d  ( ii)  th e  s t if f e r  th e  w a l l  th e  la r g e r  th e  b e n d in g  
s t r e s s e s .  T h i s  t r e n d  is  th e  o p p o s ite  to  t h a t  e x p e c te d  b e f o r e  th e  f in ite  
e le m e n t  a n a ly s e s  w e r e  p e r fo r m e d .
I n  n u m e r ic a l  e x p e r im e n t s ,  th e  a b il it y  to h a v e  a  c o n s t it u t iv e  m o d e l fo r  
e a c h  m a t e r ia l  z o n e  is  a n  a d v a n t a g e  o v e r  a n a ly t ic a l  a p p r o a c h e s , s in c e  it  
p e r m it s  m o d e ll in g  f e a t u r e s  o f  r e a l  s o i l - s t r u c t u r e  in t e r a c t io n  b e h a v io u r .  
F o r  f i l l  m a t e r ia ls ,  a  l in e a r  e la s t ic  p e r f e c t ly -p la s t ic  s o i l  m o d e l s e e m s  to  
b e  p e r t in e n t  in  t e r m s  o f  l im it in g  th e  s o il  s t r e n g t h . A  l in e a r  e la s t ic  
m o d e l is  a d e q u a te  f o r  th e  p ip e  s t r u c t u r e  a n d  f o r  th e  n a t u r a l  g r o u n d  if  it  
is  c e m e n te d . H e r e ,  i t  is  im p o r t a n t  to  n o te  t h a t  th e  c u r r e n t  C R I S P  
p r o g r a m  ( in  c o m m o n  w it h  m a n y  o t h e r s )  is  u n a b le  to s im u la t e  
c o m p a c t io n  e f fe c t s , s in c e  n o  f u n c t io n  in  th e  p r o g r a m  p e r m it s  d is s ip a t io n  
o f th e  in p u t  e n e r g y .  U s in g  th e  p r o p o s a l f r o m  C h a p t e r  3 , n a m e ly  to  
in c r e a s e  P o i s s o n ' s  r a t io  to  s im u la t e  h ig h e r  la t e r a l s t r e s s ,  th e  b e n d in g  
s t r e s s e s  in  th e  p ip e  w a l l  d e c r e a s e  b y  a b o u t  10 % ,  c o m p a r e d  to th e  
n o n -c o m p a c t e d  c a s e .
T h e  r e s id u a l  v e r t ic a l  a n d  h o r iz o n t a l  s t r e s s  d is t r ib u t io n s  a r o u n d  th e  
b u r ie d  p ip e  a r e  s h o w n  to b e  r a t h e r  m o r e  c o m p le x  t h a n  th e  l in e a r  s t r e s s  
d is t r ib u t io n s  b a s e d  o n  M a r s t o n - S p a n g l e r ' s  e a r th  lo a d s , C o u lo m b 's  a c t iv e  
a n d  p a s s i v e  e a r t h  p r e s s u r e s ,  o r  R a n k in e ' s  s o i l  w e d g e  th e o r y . In  
s o i l - p i p e  in t e r a c t io n  p r o b le m s , th e  m o s t  im p o r t a n t  a s p e c t  is  to f in d  a  
s im p le  a n d  p r a c t ic a l  m e th o d  o f  in d u c in g  u n if o r m ly  d is t r ib u t e d  s u p p o r t  
p r e s s u r e s  o n  th e  b o t t o m  h a lf  o f  th e  p ip e . A s  h a s  b e e n  d e m o n s tr a t e d ,  
th e  d is t r ib u t io n  o f  v e r t ic a l  r e a c t io n  o n  th e  b o tto m  o f th e  p ip e  is  g r e a t ly  
in f lu e n c e d  b y  th e  b e d d in g  s h a p e . F l a t  b e d d in g  ( w h ic h  r e q u ir e s  t h o r o u g h  
c o m p a c t io n  w it h in  th e  t r i a n g u l a r -s h a p e d  s p a c e s  b e lo w  th e  b o t t o m  o f th e  
p ip e )  s h o u ld  n o t  b e  c o n s id e r e d  f o r  th e  h ig h  d e g r e e  o f  b e d d in g  a n g le  
r e q u ir e d . T h e  c o n v e n t io n a l (o r  s t a n d a r d )  s h a p e d  b e d d in g  ( w h ic h  r e q u ir e s  
f u l l  c o n t a c t  b e t w e e n  th e  p ip e  a n d  s o i l  a t  th e  b o tto m  o f  th e  p ip e )  s e e m s  
a ls o  to b e  im p r a c t ic a l  b e c a u s e  it  is  r a r e ly  p o s s ib le  f o r  th e  p ip e  a n d  
b e d d in g  to b e  f o r m e d  w it h  a n  id e n t ic a l  r a d iu s  in  th e  z o n e  o f  c o n t a c t .  
T h i s  is  m a in ly  d u e  to th e  d e fo r m a t io n  c h a r a c t e r is t ic s  o f th e  tw o  m e d ia
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d u r in g  c o n s t r u c t io n  a n d  i n - s e r v i c e ,  a n d  th e  q u a l it y  o f  c o n s t r u c t io n .  I n  
p r a c t ic e , th e  o n ly  p o s s ib i l i t y  is  to h a v e  e it h e r  a  m o d if ie d  s h a p e d  b e d d in g  
in  o r d e r  to  e n s u r e  th e  s y m m e t r ic a l  s h if t e d  s u p p o r t in g  s y s t e m  a b o u t  th e  
v e r t ic a l  c e n t r e lin e  o f  th e  p ip e . T h i s  s y s t e m  p r o v id e s  r a t h e r  b e t t e r  s t r e s s  
r e s p o n s e  c o m p a r e d  e v e n  to a  c o n v e n t io n a l s h a p e d  b e d d in g  f o r m e d  
w it h o u t  a n y  c o n s t r u c t io n  e r r o r s .
M o s t  d e s ig n  p r a c t ic e s  b a s e d  o n  th e  c o n c e p t  o f  " b e a m s  o n  e la s t ic  
f o u n d a t io n "  a re  g e n e r a l ly  b a s e d  011 W i n k l e r ' s  s im p le  a s s u m p t io n  t h a t  th e  
p r e s s u r e  in  th e  f o u n d a t io n  a t  a  g iv e n  p o in t  c o n s id e r s  o n ly  th e  d e f le c t io n  
o f th e  b e a m  a t  t h a t  p o in t , a n d  t a k e s  n o  a c c o u n t  o f  th e  p r e s s u r e  o r  
d e f le c t io n  o c c u r r in g  in  o th e r  p a r t s  o f  th e  f o u n d a t io n . T h i s  im p lie s  t h a t  a  
c o m p le t e  la c k  o f  c o n t in u it y  in  th e  m a t e r ia l  o f th e  f o u n d a t io n . H o w e v e r ,  
w h e n  c o n s id e r in g  a  la r g e  d ia m e t e r  r i g i d  p ip e , th e  p h e n o m e n o n  b e c o m e s  
m o r e  in t r ic a t e .  B a s i c a l l y ,  th e  c u r r e n t  p ip e  d e s ig n  m e th o d  a s s u m e s  t h a t  
in t e r n a l  w a t e r  p r e s s u r e  in d u c e s  a  u n if o r m  r e a c t io n  f r o m  th e  s u r r o u n d in g  
s o i ls ,  p r o v id in g  n o  a d d it io n a l  b e n d in g  m o m e n t  in  th e  p ip e  w a ll .  T h i s  is  
in c o r r e c t .  T h e  d e s ig n  fo r  a n y  c o n c r e t e  p ip e  is  e s s e n t ia l ly  c o n t r o lle d  b y  
th e  in d u c e d  t e n s ile  s t r e s s .  T h e r e f o r e ,  e v e n  a  s m a l l  in c r e a s e  o f  t e n s ile  
s t r e s s  d u e  to  th e  d if f e r e n t  d is t r ib u t io n  o f  th e  r a d ia l  r e a c t io n  o n  th e  p ip e  
w a ll  w i l l  b e  c r it ic a l .
N o  m a jo r  d if f e r e n c e s  in  th e  p h y s ic a l  p r o p e r t ie s  b e t w e e n  p r e s t r e s s e d  a n d  
n o n -p r e s t r e s s e d  p ip e  w e r e  n o te d . T h e  o n ly  d if f e r e n c e  i s  s e e m in g ly  th e  
e x is t e n c e  o f  c o m p r e s s io n  s t r e s s  in  th e  p ip e  w a l l  in d u c e d  b y  
p r e s t r e s s in g .  T h e  p r e s t r e s s in g  p r o d u c e s  a  c o m p r e s s io n  f o r c e  to e n s u r e  
t h a t  th e  p ip e  w a l l  is  in  e q u i l ib r iu m  a g a in s t  th e  t e n s ile  s t r e s s  in  th e  w a l l  
a r is in g  f r o m  h o o p  s t r e s s  a n d  f le x u r a l  s t r e s s .  H o w e v e r ,  th e  m a jo r  
s h o r t c o m in g  o f  th e  c u r r e n t  d e s ig n  p r a c t ic e  is  t h a t  it  t a k e s  n o  a c c o u n t  o f  
th e  p r e s t r e s s in g  e ffe c t , c a u s in g  a  c r i t ic a l  s e c t io n  o f  th e  p ip e  w a l l  to  
h a v e  a  r e la t iv e ly  la r g e  r a d iu s  o f  c u r v a t u r e  ( R )  w h e n  th e  e x t e r n a l  lo a d  
i s  in v o lv e d . A c c o r d in g  to  th e  e le m e n t a r y  e la s t ic  t h e o r y , th e  in d u c e d  
b e n d in g  m o m e n t  is  in  in v e r s e  p r o p o r t io n  to R  a n d  in  p r o p o r t io n  to th e  
s t if f n e s s  o f  th e  s t r u c t u r e  ( E l ) .  T h i s  im p lie s  t h a t  th e  p r e s t r e s s in g  r e s u lt s  
in  th e  p ip e  w a l l  b e n d in g  m o m e n t  b e in g  d e c r e a s e d .
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I n  c o n c lu s io n ,  s in c e  d if f ic u lt ie s  l ie  in  a s s e s s in g  c o r r e c t ly  in t e r a c t io n  
p r o b le m s  w it h  th e  c u r r e n t  a n a ly t ic a l  m e th o d , e x c e s s iv e  s a f e t y  f a c t o r s  
h a v e  b e e n  a p p lie d  to th e  s t r e s s - s t r a i n  b e h a v io u r s  o f b o th  th e  s o il  a n d  
th e  s t r u c t u r e .  A s  a n  a lt e r n a t iv e  a p p r o a c h , o n ly  th e  n u m e r ic a l  t e c h n iq u e  
c a n  s o lv e  s u c h  c o m p lic a t e d  p r o b le m s , in  w h ic h  th e  th e  a c t u a l  f ie ld  
c o n d it io n s  a n d  p r o c e d u r e s  c a n  b e  m o d e lle d . M o r e o v e r , f in it e  e le m e n t  
a n a l y s is  n o t  o n ly  t a k e s  in to  a c c o u n t  a ll  th e  f u n d a m e n t a l  r e q u ir e m e n t s ,  
s u c h  a s  p r e s t r e s s in g  e ffe c t, a c t u a l  m a t e r ia l  p r o p e r t ie s , lo a d in g  s y s t e m  
a n d  c o n s t r u c t io n  s e q u e n c e , b u t  a ls o  m a k e s  it  p o s s ib le  to a v o id  e x c e s s iv e  
s a f e t y  f a c t o r s  f o r  th e  in t e g r it y  a n d  lo n g  t e r m  s t a b il it y  o f  th e  s t r u c t u r e .
T h e  q u e s t io n  r e m a in s  a s  to w h e t h e r  th e  m o d e ls  u s e d  f o r  p r e s t r e s s e d  
p ip e  c o v e r  th e  a c t u a l  m a n u f a c t u r in g  a n d  in s t a l la t io n  s it u a t io n s  w e ll  
e n o u g h  f o r  e n g in e e r in g  p u r p o s e s . T h e  re c o m m e n d a tio n s  w it h  r e s p e c t  to 
p o s s ib le  fu tu re  w o r k  are:
♦  E x p e r im e n t a l  w o r k  e s p e c ia l ly  u s in g  f u l ly  in s t r u m e n t e d
p r e s t r e s s e d  p ip e  ( w it h  e m b e d d e d  in s t r u m e n t s  in  th e  c o n c r e t e
c o r e )  in  c o n ju n c t io n  w it h  la b o r a t o r y -b a s e d  m a t e r ia l  p r o p e r t y  
t e s t s  in  o r d e r  to  c o m p a r e  th e  a c t u a l  s t r e s s  r e s p o n s e s  b e t w e e n  
p r e s t r e s s e d  c o n c r e t e  p ip e  a n d  n o n -p r e s t r e s s e d  c o n c r e t e  p ip e .
♦  N u m e r ic a l  a n d  f ie ld  e x p e r im e n t s  011 th e  b e h a v io u r  o f  th e  p ip e
a n d  s o i l  fo r  d if f e r e n t  e x t e r io r  c o n d it io n s  o f  th e  p ip e , p a r t ic u la r ly  
to in v e s t ig a t e  th e  in f lu e n c e  o f  th e  s m o o th e d  d ie le c t r ic  c o a t in g  
s u r f a c e .
♦  F i e l d  e x p e r im e n t s  to in v e s t ig a t e  th e  r a d ia l  e a r th  p r e s s u r e  a n d  th e
b e n d in g  m o m e n t  d is t r ib u t io n  in  th e  p ip e  w a l l  d u e  to  u n b a la n c e d  
lo a d  (f o r  e x a m p le , d u e  to a s y m m e t r ic  c o n s t r u c t io n  s e q u e n c e s  o r  
l iv e  lo a d s )  s u c h  t h a t  th e  c r i t ic a l  p o in t  o f  m a x im u m  t e n s ile  s t r e s s  
m a y  b e  b e t w e e n  th e  c r o w n  a n d  s p r in g lin e .
♦  Im p r o v e d  m o d e llin g  o f th e  in t e r f a c e  ( s l ip )  in  n u m e r ic a l  a n a l y s is  to
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t a k e  a c c o u n t  th e  r e a l  b e h a v io u r  o f  s o i ls  p la c e d  a r o u n d  th e  
p ip e  w a ll .
♦  F o r  u s e  in  p r a c t ic e ,  th e  d e v e lo p m e n t  o f  s im p lif ie d  s t r e s s
d is t r ib u t io n  p r o f ile s ,  w h ic h  e n c o m p a s s  th e  a c t u a l  (c o m p le x )  
e f fe c t s  o f  c o m p a c t io n , in t e r n a l  w a t e r  p r e s s u r e  a n d  p r e s t r e s s in g  
fo r c e , is  r e q u ir e d . T h i s  c o u ld  p e r h a p s  b e  a c h ie v e d  b y  b u i ld in g  u p  
a  c a t a lo g u e  o f  d e s ig n  c u r v e s ,  f o r  p a r t ic u la r  lo a d in g  c a s e s ,  w h ic h  
c o u ld  b e  u s e d  b y  p r a c t ic in g  e n g in e e r s .
♦  F o llo w in g  the fie ld  w o rk  of H a v e ll  and K e e n e y  (19 7 6 ), in v e s t ig a t io n  of
th e  t im e  d e p e n d e n c e  o f  th e  e a r t h  p r e s s u r e  d is t r ib u t io n  o n  a  la r g e
d ia m e t e r  r i g i d  p ip e s  s h o u ld  b e  c o n d u c t e d .
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N O T A T I O N
A c : A r e a  o f  c o n c r e t e  c o re
A s : A r e a  o f  p r e s t r e s s in g  w ir e  in  u n it  le n g t h  o f  p ip e
A y : A r e a  o f  s t e e l c y l in d e r
B c : H o r iz o n t a l  e x t e r n a l  d ia m e t e r  o f  th e  p ip e
B f '• B e d d in g  f a c t o r  ( r a t io  o f  th e  s u p p o r t in g  s t r e n g t h  to th e
t h r e e -e d g e  b e a r in g  s t r e n g t h  o f  th e  p ip e )
C  : D is t a n c e  f r o m  n e u t r a l  a x is
C c : L o a d  c o e f f ic ie n t  f o r  e m b a n k m e n t  c o n d it io n
E  : E la s t ic  Y o u n g 's  m o d u lu s  o f  so il (a t  a n  e le v a tio n  y )
Ec : E l a s t i c  Y o u n g ' s  m o d u lu s  o f  c o n c r e t e
E c : E l a s t i c  Y o u n g ' s  m o d u lu s  o f  p ip e  w a ll
E  c emp : E m p i r ic a l  e la s t ic  m o d u lu s  o f  c o n c r e t e  c o r e  in c lu d in g  s te e l
c y l in d e r  d u e  to  th e  p r e s t r e s s in g  e ffe c t  
Ecp : E l a s t i c  Y o u n g ' s  m o d u lu s  o f  c o n c r e t e  in  th e  p la n e  s t r a in
c o n d it io n
E h  : E la s t ic  Y o u n g 's  m o d u lu s  o f  s o il in  th e  h o r iz o n ta l d ire c t io n
E {  : I n i t ia l  t a n g e n t  Y o u n g ' s  m o d u lu s  o f s o il
E m : E l a s t i c  Y o u n g ' s  m o d u lu s  o f  m o r t a r  c o a t in g
E 0 : E la s t ic  Y o u n g 's  m o d u lu s  a t  th e  d a tu m  e le v a tio n
E w : E l a s t i c  Y o u n g ' s  m o d u lu s  o f  p r e s t r e s s in g  w ir e
E s : E l a s t i c  Y o u n g ' s  m o d u lu s  o f  s o il
E sp : E l a s t i c  Y o u n g ' s  m o d u lu s  o f  s o il  in  th e  p la n e  s t r a in
c o n d it io n
E t : T a n g e n t  m o d u lu s  o f  s o il
E v : E la s t ic  Y o u n g 's  m o d u lu s  o f s o il in  th e  v e r t ic a l d ire c t io n
E u : E la s t ic  Y o u n g 's  m o d u lu s  o f  so il fo r u n d r a in e d  c o n d it io n
G  : S h e a r  m o d u lu s  a t a n  e le v a tio n  y
G hv : S h e a r  m o d u lu s  in  v - h  p la n e
H  H e ig h t  o f  f i l l  a b o v e  to p  o f  p ip e
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C r i t i c a l  h e ig h t  f r o m  g r o u n d  le v e l  
H e ig h t  o f  e q u a l s e t t le m e n t
S e c o n d  m o m e n t  o f  in e r t ia  o f  th e  p ip e  w a l l  s e c t io n  a b o u t  
n e u t r a l  a x is  (p e r  u n it  le n g t h )
S e c o n d  m o m e n t  o f  in e r t ia  fo r  c o n c r e t e  c o r e  to th e  
c e n t r o id
S e c o n d  m o m e n t  o f  in e r t ia  fo r  m o r t a r  c o a t in g  to th e  
c e n t r o id
S e c o n d  m o m e n t  o f in e r t ia  f o r  p r e s t r e s s in g  w ir e s  to th e  
c e n t r o id , a s s u m in g  t h a t  I 0 ~  0 
R a n k i n e ' s  c o e f f ic ie n t  o f e a r t h  p r e s s u r e  
M o d u lu s  n u m b e r
C o e f f ic ie n t  o f  a c t iv e  e a r t h  p r e s s u r e
C o e f f ic ie n t  o f  e a r t h  p r e s s u r e  a t  r e s t
C o e f f ic ie n t  o f  p a s s i v e  e a r t h  p r e s s u r e
C o e f f ic ie n t  o f  r e s id u a l  e a r th  p r e s s u r e  a t  r e s t
B e n d in g  m o m e n t  in  th e  p ip e  w a ll
B e n d in g  m o m e n t  a t  th e  in v e r t  o f  th e  p ip e
B e n d in g  m o m e n t  p r o d u c e d  b y  th e  t h r e e -e d g e  b e a r in g  t e s t
P a r a m e t e r  r e la t e d  to  th e  d is t r ib u t io n  o f  th e  v e r t ic a l
r e a c t io n
S h a p e  f u n c tio n
A t m o s p h e r ic  p r e s s u r e  u s e d  to n o n d im e n s io n a l is e  th e  s o il
p a r a m e t e r s  f o r  h y p e r b o lic  m o d e l
T h r e e -e d g e  b e a r in g  lo a d
T h r u s t  a t  th e  b o tto m  o f th e  p ip e
F a i l u r e  r a t io , ( o i  — u3) f / ( ( 71 — cr3) u
M e a n  r a d iu s  o f th e  p ip e
E a r t h  lo a d  f o r  th e  c o m p le t e  t r e n c h  o r  p r o je c t io n  c o n d it io n  
( H e > H )
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9 0 %  o f  th e  t h r e e -e d g e  b e a r in g  lo a d  W 00i,  p r o d u c in g  
in c ip ie n t  c r a c k in g  in  th e  c o re , w it h  n o  in t e r n a l  p r e s s u r e  
T h r e e - e d g e  b e a r in g  t e s t  lo a d  t h a t  p r o d u c e s  a n  in c ip ie n t  
c o r e  o r  c o a t in g  c r a c k  
P ip e  w e ig h t  p e r  u n it  le n g t h
R e la t i v e  s t if f n e s s ,  r a t io  o f  th e  p la n e  s t r a in  e la s t ic  m o d u lu s  
o f th e  s o il  to  th e  f le x u r a l  s t if f n e s s  o f  a  c ir c u l a r  p ip e .
C o h e s io n
C o h e s io n  fo r  d ra in e d  c o n d it io n  
C o h e s io n  at th e  d a tu m  e le v a tio n  
C o h e s io n  fo r  u n d r a in e d  c o n d it io n  
D e c r e a s e  o f  v e r t ic a l  h e ig h t  o f  th e  p ip e  
D ia m e t e r  o f  p r e s t r e s s in g  w ir e  
B e n d in g  s t r e s s  o f  th e  p ip e
D e s ig n  s t r e n g t h  o f  th e  c o n c r e t e  c y l in d e r s  a t  2 8  d a y s  
R e s u lt a n t  in d u c e d  c o m p r e s s iv e  s t r e s s  in  c o n c r e t e  
C h a r a c t e r is t ic  c u b e  s t r e n g t h  o f  c o n c r e t e  
C h a r a c t e r is t ic  c y l in d e r  s t r e n g t h  o f  c o n c r e t e  a t  2 8  d a y s  
( f o r  A C I  3 1 8 )
B e n d in g  s t r e s s  a t  th e  in n e r  a n d  o u t e r  f ib r e s
U lt im a t e  f ib r e  s t r e s s  p r o d u c e d  b y  th e  t h r e e -e d g e  b e a r in g
t e s t
N o r m a l  s t if f n e s s  o f  s l ip  e le m e n t  ( k N / m 2 )
S h e a r  s t if f n e s s  o f  s l ip  e le m e n t  ( k N / m 2 )
R e s id u a l  s h e a r  s t if f n e s s  o f  s l ip  e le m e n t  ( k N / m 2 ) 
P r o je c t io n  r a t io  ( fo r  a  c ir c u la r  p ip e , m  =  p )
R a t e  o f in c r e a s e  o f Y o u n g ' s  m o d u lu s  w it h  d e p th  
R e s u lt a n t  m o d u la  r a t io  o f  p r e s t r e s s in g  w ir e s .
R a t e  o f  in c r e a s e  o f c o h e s io n  w it h  d ep th
R a t e  o f in c r e a s e  o f Y o u n g ' s  m o d u lu s  w it h  d e p th
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M o d u lu s  e x p o n e n t
P r o je c t io n  r a t io  o f th e  v e r t ic a l  d is t a n c e  f r o m  th e  to p  o f  
th e  p ip e  to th e  s u r f a c e  o f th e  n a t u r a l  g r o u n d  to th e  
o u t s id e  v e r t ic a l  h e ig h t  o f  th e  p ip e
V e r t i c a l  d is t a n c e  f r o m  th e  g r o u n d  to th e  to p  o f  th e  p ip e
R a t io  o f  th e  to ta l la t e r a l  p r e s s u r e  to th e  to ta l v e r t ic a l  
lo a d  o n  th e  to p  o f  th e  p ip e
S t r e s s  c o r r e s p o n d in g  to  a  a x ia l  s t r a in  a t  5 0 /1 ,0 0 0 ,0 0 0  
S t r e s s  c o r r e s p o n d in g  to  4 0 %  o f  u lt im a t e  lo a d  
D is p la c e m e n t  o f  th e  b o tto m  o f th e  p ip e  in to  it s  f o u n d a t io n  
S e t t le m e n t  o f  th e  g r o u n d  s u r f a c e  in  th e  e x t e r io r  p r is m  
S e t t le m e n t  o f  th e  s o i l  in  th e  p r o je c t io n  h e ig h t  p B c 
T h i c k n e s s  o f  s l ip  e le m e n t  ( m )
C o n c r e t e  c o r e  t h ic k n e s s  
M o r t a r  c o a t in g  t h ic k n e s s  
P ip e  w a l l  t h ic k n e s s
P a r a m e t e r  r e la t e d  to  th e  a r e a  o f th e  v e r t ic a l  p r o je c t io n  o f  
th e  p ip e  o n  w h ic h  a c t iv e  la t e r a l p r e s s u r e  o f  th e  f il l  
m a t e r ia l  a c t s
G lo b a l c o o rd in a te  a t  th e  c e n tre  of th e  e le m e n t  
G lo b a l c o o rd in a te  a t  th e  c e n tre  of th e  e le m e n t  
D is t a n c e  b e t w e e n  th e  n e u t r a l  a x is  a n d  th e  e x t r e m it ie s  
D a t u m  e le v a tio n  a t  w h ic h  E  =  E 0 
C r i t i c a l  d e p th  f r o m  th e  g r o u n d  le v e l
R e c ip r o c a l  o f  Y o u n g ' s  m o d u lu s  o f  th e  s o i l  m a s s  in  p la in  
s t r a in
U n i t  w e ig h t  o f  f il l
P a r t ia l  s a f e t y  f a c t o r  fo r  m a t e r ia ls
S e t t le m e n t  r a t io , a  r a t io n a l  q u a n t it y  in  th e  d e v e lo p m e n t  o f  
th e  lo a d  f o r m u la
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D ia m e t e r  c h a n g e  in  h o r iz o n t a l  d ir e c t io n  ( t h r o u g h  th e  p ip e  
s p r in g l in e  a t  th e  u lt im a t e  s ta te )
D ia m e t e r  c h a n g e  in  v e r t ic a l  d ir e c t io n  (b e t w e e n  th e  p ip e  
c r o w n  a n d  in v e r t  a t  th e  u lt im a t e  s ta te )
A x i a l  s t r a in
A x i a l  s t r a in  p r o d u c e d  b y  s t r e s s  s2
S t r a in  in  lo n g it u d in a l  d ir e c t io n
N o n -d im e n s io n a l  ( a u x il ia r y )  co o rd in a te , (y — yc)/b
C o e f f ic ie n t  o f  in t e r n a l  f r ic t io n  o f  f il l
C o e f f ic ie n t  o f  f r ic t io n  b e t w e e n  f i l l  a n d  s id e s  o f  t r e n c h
P o i s s o n ' s  r a t io
P o is s o n 's  ra t io  fo r  d ra in e d  c o n d it io n  
P o i s s o n ' s  r a t io  o f c o n c r e t e
P o i s s o n ' s  r a t io  o f c o n c r e t e  in  th e  p la n e  s t r a in  c o n d it io n
P o is s o n 's  ra tio  l in k in g  b o th  h o r iz o n ta l d ire c t io n s  
P o is s o n 's  ra t io  l in k in g  v e r t ic a l a n d  h o r iz o n ta l d ir e c t io n s  
P o i s s o n ' s  r a t io  o f  s o il
P o i s s o n ' s  r a t io  o f s o i l  in  th e  p la n e  s t r a in  c o n d it io n
N o n -d im e n s io n a l  ( a u x il ia r y )  co o rd in a te . (x —xc)/a
C o n s t a n t ,  v ( 1  +  v ) / E s
C o m p r e s s iv e  s t r e s s
H o r iz o n t a l  s t r e s s
H o r iz o n t a l  e f f e c t iv e  s t r e s s
N o r m a l  s t r e s s  o n  p la n e  a t  a n  a n g le  6 to  th e  p la n e  o n  
w h ic h  <jx a c t s
U n if o r m  s u r c h a r g e  p r e s s u r e  
V e r t i c a l  s t r e s s
V e r t i c a l  d ir e c t  e f f e c t iv e  s t r e s s
N o r m a l  s t r e s s  o n  y z  p la n e  a c t in g  in  x  d ir e c t io n
H o r iz o n t a l  s t r e s s  d u e  to th e  d is p la c e m e n t  o f  b a s e
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0 *x r
0y
0 y d
0 y y
r
ruit
r x y
Z " x y (b )
r x y d ( b )
^ * x y y ( b )
"^yx
TO
f
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00
0 s
0 u
fix
0
H o r iz o n t a l  s t r e s s  d u e  to th e  w e ig h t  o f  f i l l  
N o r m a l  s t r e s s  o n  x y  p la n e  a c t in g  in  y  d ir e c t io n  
V e r t i c a l  s t r e s s  d u e  to d is p la c e m e n t  o f b a s e  
V e r t i c a l  s t r e s s  d u e  to w e ig h t  o f f i l l  
S h e a r  r e s is t a n c e
U lt im a t e  s h e a r  s t r e n g t h  o f  s l ip  e le m e n t  
S h e a r  s t r e s s  o n  y z  p la n e  a c t in g  in  y  d ir e c t io n
S h e a r  s t r e s s  o n  y ie ld in g  b a s e
S h e a r  s t r e s s  o n  b a s e  d u e  to d is p la c e m e n t  o f  y ie ld in g  b a s e  
S h e a r  s t r e s s  o n  b a s e  d u e  to w e ig h t  o f  f i l l  
S h e a r  s t r e s s  o n  x z  p la n e  a c t in g  in  x  d ir e c t io n
S h e a r  s t r e s s  o n  p la n e  a t  a n  a n g le  6 to th e  p la n e  o n  w h ic h
<7y a c t s
A n g l e  o f  s h e a r in g  r e s is t a n c e
A n g le  of s h e a r in g  r e s is t a n c e  fo r d r a in e d  c o n d itio n , o r  
e f f e c t iv e  s t r e s s  a n g le  o f  f r ic t io n  (o r  s h e a r in g  r e s is t a n c e )  
C r i t i c a l  s t a t e  a n g le  o f  s h e a r in g  r e s is t a n c e  
V  a lu e  o f  0  f o r  03 =  Pa
A n g l e  o f  s h e a r in g  r e s is t a n c e  b e t w e e n  f i l l  a n d  s id e s  o f  
t r e n c h
A n g le  o f  s h e a r in g  r e s is t a n c e  fo r u n d r a in e d  c o n d it io n  
T r u e  a n g le  o f  f r ic t io n  b e t w e e n  p a r t ic le s  
A n g l e  o f  d ila t io n
A P d  
JPen 
A f
O u t -o f -b a l a n c e  lo a d  f o r  a  s e t  o f e q u iv a le n t  n o d a l lo a d  
Im b a la n c e d  lo a d  a r is in g  fro m  t h is  s t r e s s  c o rr e c t io n  
R e d u c t io n  in  0  f o r  a  t e n -f o ld  in c r e a s e  in  03
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APPENDIX A l -  Undeform ed/deform ed mesh w ithout 
interface elem ent (Compaction effect)
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A P P E N D I X  A 2  -  U n d e f o r m e d /d e f o r m e d  m e s h  w it h
in t e r f a c e  e le m e n t  ( C o m p a c t i o n  e f f e c t )
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A P P E N D I X  B I  -  T y p i c a l  o u t p u t  f r o m  C R I S P  p r o g r a m  
( T h r e e - e d g e  b e a r i n g  t e s t )
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APPENDIX B2 -  Interpretation of output from CRISP 
program (Three-edge bearing test 
for prestressed pipe)
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Appendix B2-1 Bending stress distributions for prestressed pipe 
due to Pipe weight and three-edge bearing load 
(TEB21), ID = 4.0m, Ec = 44GPa, Compression = 
2000kPa, TEB load = 509.6kN/m
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Appendix B2-2 Bending moment distributions for prestressed pipe 
due to Pipe weight and three-edge bearing load 
(TEB21), ID = 4.0m, Ec = 44GPa, Compression = 
2000kPa, TEB load = 509.6kN/m
Appendix B2-3 Bending stress distributions for prestressed pipe 
due to three-edge bearing load only (TEB22)
ID = 4.0m, Ec = 44GPa, Compression = 2000kPa, 
TEB load = 509.6kN/m
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Appendix B2-4 Bending mpment distributions for prestressed pipe 
due to three-edge bearing load only (TEB22)
ID = 4.0m, Ec = 44GPa, Compression -  2000kPa, 
TEB load = 509.6kN/m
A P P E N D I X  B 3  -  In t e r p r e t a t io n  o f  o u t p u t  f r o m  C R I S P  
p r o g r a m  ( T h r e e - e d g e  b e a r i n g  t e s t  
f o r  n o n - p r e s t r e s s e d  p ip e )
Inner fibre
Outer fibre
Appendix B3-1 Bending stress distributions for non-prestressed 
pipe due to pipe weight and three-edge bearing 
load (TEB31)
ID = 4.0m, Ec = 44GPa, TEB load = 509.6kN/in
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Appendix B3-2 Bending moment distributions for non-prestressed 
pipe due to pipe weight and three-edge bearing 
load (TEB31)
ID = 4.0m, Ec = 44GPa, TEB load = 509.6kN/m
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Outer fibre
Appendix B3-3 Bending stress distributions for non-prestressed 
pipe due to three-edge bearing load only (TEB32) 
ID = 4.0m, Ec = 44GPa, TEB load = 509.6kN/m
Appendix B3-4 Bending moment distributions for non-prestressed 
pipe due to three-edge bearing load only (TEB32) 
ID = 4.0m, Ec = 44GPa, TEB load = 509.6kN/m
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